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SUMMARY
I t  i s  known th a t when m etals are deformed a t h igh  
s tr a in  ra te s  they  are u su a lly  more d u c t i l e .  The o b jec t  
o f t h i s  work was to  f in d  the c r y s ta llo g r a p h ic  mechanism 
fo r  t h i s  e f f e c t .
The m etal chosen was aluminium, because o f  the  
r e la t iv e  ease o f producing s in g le  c r y s t a ls .  To grow 
very large s in g le  c r y s ta l  s t r ip s  a m odified  s t r a in -  
annealing method was d eveloped . The s in g le  c r y s ta l  
s t r ip s  were la t e r  cut by e le c t r o  er o s io n  in to  s u ita b le  
t e n s i l e  specim ens.
An apparatus fo r  producing rapid  s t r a in  was b u i l t ,  
based on compressed a ir  and an e x p lo s iv e  gas d isch arge  
in to  a confined  volume co n ta in in g  a p lunger connected to  
the t e n s i le  specim en. The specim ens were p u lled  to  
fra c tu re  and were observed u s in g  h igh  speed c in e -  
photography.
The fractu red  specimens were examined fo r  e lo n g a tio n  
and th e ir  c r y s ta llo g r a p h ic  r o ta t io n s  were recorded u s in g  
X-ray d iffra c to m etry .
Some s e le c te d  specimens were su b jec t to  exam ination  
fo r  s l i p  l in e  d is t r ib u t io n  u s in g  a scanning e le c tr o n  
m icroscope.
I t  was found th a t in  some o r ie n ta t io n s  the a x ia l  . 
r o ta t io n  o f  the c r y s ta ls  in creased  w ith  in c r e a s in g  
impact v e lo c i t y  w h ile  in  o th er  o r ie n ta t io n s  i t  d ecreased . 
The o r ie n ta t io n  s e le c te d  fo r  in v e s t ig a t io n  under the  
scanning e lectron -m icroscop e  showed d ecrea sin g  s l i p  l in e  
spacing w ith  in c r e a s in g  deform ation  v e l o c i t y .  The 
measurements o f  o v e r a ll  e lo n g a tio n  showed th a t  th ere  
e x i s t s  a c r i t i c a l  v e lo c i t y  in  s in g le  c r y s t a l s .  However, 
t h i s  c r i t i c a l  v e lo c i t y  was found to  be o r ie n ta t io n  
dependent.
The fra c tu re  mode appeared to  be both o r ie n ta t io n  
and v e lo c i t y  s e n s i t iv e .
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1. In tro d u ctio n .
During the p a st  decade the m etalworking in d u stry  
has ap p lied  co n sid era b le  e f f o r t  in  th e  developm ent o f  
p ro cesse s  fo r  form ing m etals by energy d e liv e r y  a t  
in c r e a s in g ly  h igh  r a te s .  These p r o c e s se s , became known 
as High V e lo c ity  Forming. The e f f o r t  sp en t in  t h i s  
f i e l d  i s  la r g e ly  con centrated  on b u ild in g  the machine 
t o o ls  o f  p rod uction  and not on the s tru c tu r e  o f  the  
f in is h e d  product.
D isc u ss io n  o f  the v a r io u s  tech n iq u es are w id ely  
published  in  a l l  k inds o f  jo u rn a ls  and P roceed in gs o f  
C onferences, w h ile  the e f f e c t s  o f  such h ig h  v e l o c i t i e s  
on the p r o p e r t ie s  o f  m eta ls are s t i l l  s c a n t i ly  rep o rted , 
and seldom s u f f i c i e n t l y  d e ta ile d  to  p rov id e b a s is  fo r  
p r a c t ic a l  p r e d ic t io n  o f  th e behaviour o f  m eta ls  a t  very  
h igh  s t r a in  r a t e s .  The work p resen ted  in  t h i s  t h e s i s  was 
in tended  to  provide fundam ental in form ation  on th e de­
form ation  behaviour o f  aluminium s in g le  c r y s t a ls  a t  h igh  
v e l o c i t i e s .  Once the c h a r a c te r is t ic s  o f  s in g le  c r y s ta l  
behaviour d #  known, the exp erim en tation  would extend to  
b i- c r y s t a ls  in  order to  c l a r i f y  the e f f e c t s  o f  boundaries 
on h igh  v e lo c i t y  deform ation . In t h i s  manner, e v e n tu a lly  
a com plete and d e ta ile d  p ic tu r e  would be b u i l t  up on th e  
deform ation c h a r a c te r is t ic s  o f  aluminium.
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The work in  t h i s  t h e s is  i s  m ainly concerned w ith  
p rovid in g  the experim ental tech n iq u es n ecessa ry  fo r  a 
more d e ta ile d  in v e s t ig a t io n .
The f i r s t  part o f t h i s  in v e s t ig a t io n  i s  concerned  
w ith  the p rep aration  o f s in g le  c r y s ta l  specim ens. At 
the i n i t i a l  s ta g e s  o f t h is  work, i t  was con sid ered  th a t  
su ita b le  s in g le  c r y s ta ls  could  be purchased com m ercially . 
P relim inary q u ota tion s showed th a t the c o s t  o f  purchasing  
su ita b le  s in g le  c r y s ta ls  was too  great and s in ce  th ese  
commercial s in g le  c r y s ta ls  were produced in  sm all b atch es  
the uniform q u a lity  o f  commercial aluminium c r y s ta ls  
could not be guaranteed in  the required  q u a n t i t ie s .  I t  
was f e l t  th a t by growing a l l  s in g le  c r y s t a ls  in  the  
lab ora tory , the q u a lity  and supply would be guaranteed.
The o b serv a tio n s on the growth o f  s in g le  c r y s t a ls  are 
recorded in  S ec tio n  2 o f  the t h e s i s ,  as i t  was found th a t  
the s in g le  c r y s t a ls  produced by th e  method d escr ib ed  in  
th a t s e c t io n  were con sid erab ly  la r g er  than produced by 
p rev ious w orkers. I t  should a lso  be mentioned th a t the  
c o s t  o f  experim ental apparatus used fo r  preparing the  
s in g le  c r y s ta ls  was kept very sm a ll.
The experim ental apparatus and i t s  t e s t in g  are 
d escrib ed  in  S e c t io n  4 . A l l  through the s ta g e s  o f d e s ig n  
and m o d ific a tio n s  to  the apparatus, the economy in  c o s t  
and manpower were d e c is iv e  fa c to r s  eq u a lly  w ith  the
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s a fe ty  asp ect o f the o p era tio n .
The r e s u lt s  o f  the exp erim en ta l in v e s t ig a t io n s  
presented  h ere , w h ile  they  are e x te n s iv e  and q u ite  
in d ic a t iv e  o f  the e f f e c t s  o f  h igh  impact v e lo c i t y ,  are 
trea ted  as in ter im  r e s u lt s  fo r  a w ider programme o f  
work extend ing  the coverage to  o ther m eta ls .
-  4
2. P reparation  o f  the s in g le  c r y s t a ls .
2*1. In tro d u ctio n .
In v e s t ig a t io n  o f the h igh  v e lo c i t y  deform ation  o f
aluminium requ ired  a t le a s t  s ix  su ita b ly  shaped
specimens o f  a p a r t ic u la r  o r ie n ta t io n  in  order to
examine the e f f e c t s  o f  deform ation  v e lo c i t y  in  the
range between 0*1 in . / s e c *  and 1 ,500  in * /s e c .  I t  was
im portant to  m inim ise th e sm all v a r ia t io n s  between the
specimens o f  the same o r ie n ta t io n  and i t  was con sid ered
th a t  the b e s t  approach was to  o b ta in  la r g e  s in g le  c r y s t a ls
from which the requ ired  specim ens could  be cut*
1—6A search  o f  l i t e r a tu r e  showed th a t  most ex­
perim ents on c r y s t a l  growth have been conducted on  ^
aluminium o f  v a r io u s degree o f  p u r ity . The r e la t iv e  
abundance o f  in form ation  on growth co n d itio n s  o f  v a r io u s  
p u r it i e s  o f  aluminium in flu en ced  the ch o ice  o f  m a te r ia l  
fo r  the purposes o f  t h i s  in v e s t ig a t io n .
I t  was n ece ssa r y , a t  t h i s  s ta g e , to  d is t in g u is h  
c a r e fu l ly  the nature o f  the in form ation  a v a ila b le  on the  
growth o f  c r y s t a ls .  On th e w hole, the papers were e i th e r  
d isc u ss in g  the th eory  o f  growth w ith  l i t t l e ,  i f  any, 
experim ental in form ation , o r , a l t e r n a t iv e ly ,  r e c ip e - l ik e  
papers d esc r ib in g  the a c tu a l growing o f  c r y s t a l s .  T his
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d iv is io n  o f  knowledge in  some ways aga in  in flu en ced  
the ch oice o f  the experim enta l m a te r ia l.
There were th ree  w e ll  t r ie d  growing tech n iq u es
a v a ila b le . The ch o ice  was governed by th e a v a i la b i l i t y
and the c o s t  o f  purchasing or co n str u c t in g  th e  n ecessa ry
apparatus, and a ls o  the su rface  o f  the c r y s t a ls  produced
by the v a r io u s m ethods. Both o f  th e se  l in e s  o f  reason in g
led  to  the adoption  o f  th e  s tr a in -a n n e a l method. The
equipment requ ired  was d escr ib ed  in  the l i t e r a t u r e  as
6 9sim ple and in ex p en siv e  *■ and a ls o  th a t  i t  o ffe r ed  
c r y s ta ls  o f  good su rface  q u a lity  w ith ou t th e lin e a g e  
stru ctu re  t y p ic a l  o f  m e ltfe g  grown c r y s t a l s ^ .
With th ese  p o in ts  in  mind, the m a te r ia l adopted  
was the B r it is h  Aluminium Company’s com m ercially  pure 
grade aluminium o f  guaranteed p u r ity  o f  n ot l e s s  than  
99*5%* The m a te r ia l was su p p lied  in  sh e e t  form and was 
then  cut in to  s t r ip s  o f  about 2 ,5  cm. wide and about 
30  cm. long w ith  le n g th s  p a r a l l e l  to  the r o l l in g  marks 
d e te c ta b le  on the sh eet fu r n a c e . Subsequent s p e c to -  
graphic a n a ly s is  o f  sam ples confirm ed th a t  th e  t o t a l  
amount o f  im p u r itie s  i s  below 0 . 5% and th e  main im p u r it ie s  
are Fe, S i ,  Cu, Mg; and p resen t in  tr a c e s  are Na, Cd, 
and Mn.
F i g . l .  shows the o u t l in e s  and d im ensions o f  the  
specimen cut from th e s in g le  c r y s t a l  s t r ip s .
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The fo llo w in g  s e c t io n s  g iv e  a sh ort t h e o r e t ic a l  
account to g e th er  w ith  th e experim ents oft th e growth 
and p rep aration  o f  s in g le  c r y s t a l  specim ens.
-  8 -
2 .2 .  Review o f  theory  and experim ents on s in g le  
c r y s ta l  growth by boundary m ig ra tio n ,
There i s  c lo s e  agreement between th eory  and the  
ob serva tion  th a t  gra in  grow th .occurs by boundary 
m igration , which i s  o f te n  seen  to  be d isco n tin u o u s in
13  14  13ra te  and in  d ir e c t io n .  I t  i s  a ls o  shown 9 th a t
curved boundaries m igrate towards t h e ir  cen tre  o f
curvature, and th a t where g ra in  boundaries in  a s in g le
phase m etal meet a t  a n g les  d i f f e r e n t  from 120° ,  the
grain  included  by th e  more acu te angle w i l l  be consumed,
so th a t a l l  a n g les  tend to  approach 1 2 0 ° . The growing
o f  s in g le  c r y s t a ls  by the s t r a in  anneal method i s
g en er a lly  con sid ered  to  be an extreme r e c r y s t a l l i s a t io n
p r o c e ss , which can be f u l l y  d escr ib ed  in  term s o f
param eters Gy the l in e a r  r a te  o f  g ra in  growth and the
11 1Pn u c lea tio n  frequency * .
The k in e t ic s  o f  boundary m igration  are d erived  from
the ab so lu te  r e a c t io n  ra te  th eory  o f  G la ss to n e , L a id ler  
16and E yring . The theory  assumes th a t boundary m igra tion  
occurs by means o f  the tr a n s fe r  o f  atoms a cr o ss  an in t e r ­
fa ce  between two a d jo in in g  g r a in s , where the d r iv in g  
energy i s  due e i th e r  to  s t r a in  or to  su rface  energy. The 
n et ra te  o f t r a n s fe r  f  per atom through th e  boundary i s  
givens
where AI*A i s  the f r e e  energy d if fe r e n c e  p er gram atom 
andAF i s  the fr e e  energy d if fe r e n c e  between atom ic  
s i t e s  A and B.
I f  f  i s  r e la te d  to  the l in e a r  ra te  o f growth G by:
1  ~ G 2
r  JN
where A i s  the in tera tom ic  sp acin g  in  the in te r fa c e ,  
then the lin e a r  growth ra te  could  be exp ressed  approx­
im ately  as:
where fo r  boundary m igration  due to  s t r a in  andK I
Z i s  the mean s t r a in  free  energy^
a lso  T ~  ^ f or  boundary m igration  due to  a su rface  
te n s io n  o f  6" .
In t h i s  eq u ation  r i s  th e  boundary rad iu s o f cur­
v a tu re , V i s  the gram atom ic volume and K i s  a con stan t  
o f  the order of 1 to  3 *
In equation  3 ASa i s  d efin ed  as the d if fe r e n c e  in  
entropy between the atom in  i t s  a c t iv a te d  and o r ig in a l  
s ta te s  and Qs i s  th e  measured a c t iv a t io n  en ergy .
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The other im portant param eter o f  the s t r a in -  
anneal boundary m igration  i s  the n u c le a t io n  frequency
where n i s  th e  number o f a c t iv a te d  atom s.
The term AF can a ls o  be exp ressed  in  term s o f  
s tr a in  and su rfa ce  en e r g ie s  a s:
A F =  — ■ ^
( z t )
then  s u b s t itu t in g  in to  eq u ation  4:
which i s  the n u c le a t io n  frequency in  a reg io n  o f  th e  
m etal where the s tr a in  i s  £ .
R esid u a l s t r a in  has been proposed as th e  d r iv in g  
fo rce  re sp o n sib le  fo r  the g ra in  growth, but t h i s  hypo­
t h e s i s  was re fu ted  la t e r  by th e  observed f a c t  th a t  
gra in  boundary m eltin g  s to p s  gra in  growth.
An a lte r n a t iv e  mechanism f i r s t  proposed by Ewing 
20and Rosenhain was th a t  th e  in t e r f a c ia l  e n e r g ie s  o f  
gra in  boundaries were the d r iv in g  fo r c e . In t h i s  case
N which may be c a lc u la te d  from th e eq u ation 18
e x p 6
- 1 1  -
equation  3 fo r  su rface te n s io n  under iso th erm a l 
co n d itio n s  may he s im p lif ie d  to :
7
and the ra te  co n sta n t G- v a r ie s  w ith  tem perature  
according to  the r e la t io n s h ip :
6,1 =  Go e X P (■ - f r )
IQ
W hittaker and Watson y c a lc u la te d  th e p r o b a b il ity
o f  n u c lea tio n  ra th er  than th e  frequency and d erived  the
where S i s  a tem perature g ra d ien t and v i s  th e  speed o f  
th a t  grad ien t moving over th e  specim en, B i s  an ex­
perim ental fa c to r  depending on the s ta te  o f  the m eta l.
I t  i s  g e n e r a lly  a more u s e f u l  r e la t io n s h ip  because
o f  the r e la t iv e  ease  o f  in te r p r e ta t io n . W illiam son  and
9Smallman summarised the e f f e c t s  o f  the v a r ia b le s  o f  
eq u ation  9 as th ey  a f f e c t  s in g le  c r y s t a l  growth. In  
e sse n c e , the main v a r ia b le s  are the tem perature g ra d ie n t, 
the r a t io  o f  a c t iv a t io n  e n e r g ie s  o f  n u c le a t io n  and growth,
equation:
Q n
P/M) ( /& ) C V Qck 
r i N }  S G  (JUi 9 .
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and f in a l ly  the v e lo c i t y  o f  th e  tem perature g ra d ie n t.
I t  i s  in te r e s t in g  to  compare the f in d in g s  o f  K orn fie ld
o*| 22and Pavlov , Anderson and Mehl and th a t o f  F ish er  and
07
Dunn w ith  W illiam son and Smaliman.
The r e la t io n s h ip  between the a c t iv a t io n  en er g ie s  
Qn and Qg, i s  g iv en  by F ish e r  and Dunn:
Q n = Qa -I- 1 0 .
They showed th a t  the second term o f  eq u ation  10 should be 
o f  the same order o f  magnitude as the a c t iv a t io n  energy  
term s. However, in  the r e c r y s t a l l i s a t io n  o f  aluminium  
at low s t r a in s ,  Qn i s  found g rea te r  than  Q <5 ; a t  
medium and h igh  s t r a in s  Qn and Qg are more n ea r ly  
eq u al.
These experim ental o b serv a tio n s  are in  d isagreem ent 
w ith  equation  10, but agree w ith  la rg e  numbers o f  ex­
perim enta l o b serv a tio n s which s ta te  th a t  sim ple c r y s t a l  
growth i s  not experienced  w ith er  below or above a range 
o f  c r i t i c a l  s t r a in s ,  and a ls o  th a t  the c r i t i c a l  range can  
be as wide as 1%. However, t h i s  f a c t  i s  w e l l  rep resen ted  
in  equation  9 . At low s tr a in s  th e  r a t io  Q u / Q *  i s  
la r g e , r e s u lt in g  in  h igh  n u c le a t io n  freq u en cy . At medium 
s t r a in s ,  co n d itio n s  fo r  s in g le  c r y s ta l  growth are 
fa v o u ra b le . Above the medium range a sm all change in  
the va lue o f 6? a w i l l  a f f e c t  th e  n u c le a t io n  frequency
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q u a d ra tica lfy , r e s u lt in g  in  f in e  p o ly c r y s ta l l in e  gra in  
s tr u c tu r e .
There have been large  numbers o f  experim ents
conducted on r e c r y s t a l l i s a t io n  which were a p tly
24*summarised.by Burgers . The main requirem ents fo r  
the s u c c e s s fu l growth o f  s in g le  c r y s t a ls  by the an n ea l, 
c r i t i c a l  s t r a in ,  grow th-anneal p r o c e ss , seem to  be:
( i )  The c o r r e c t  a p p lic a t io n  o f  a s u ita b le  tem­
peratu re gra d ien t in  the order o f  100°C /cm ., 
which i s  passed  over the specim en w ith  a 
c e r ta in  predeterm ined speed.
( i i )  The i n i t i a l  g r a in - s iz e ,  which must be su f­
f i c i e n t l y  sm all and uniform  to  en ab le a 
n u cleu s to  grow in to  la r g e r  c r y s t a l  than i t s  
neighbour.
( i i i )  The i n i t i a l  p o ly c r y s ta l l in e  m atrix  should be 
fr e e  o f  p referred  o r ie n ta t io n  f o r  the growth 
i s  r e s t r ic t e d  i f  th e  m atrix  and th e  growing 
c r y s t a l  i s  m ainly o f  tw in  o r ie n ta t io n .
For p r a c t ic a l  furnace c o n s tr u c t io n , W illiam son  and 
Smallman^ g iv e  d e t a i l s  o f  sim ple g ra d ien t furnace to ­
geth er w ith  in s tr u c t io n s  as fo r  th e  n ecessa ry  an nealin g  
p rocess a t  the p r e - c r i t i c a l  s t r a in  s ta g e .
-  14 -
T heir recommendation i s  a f l a s h - l ik e  anneal o f  
the sample to  prevent gra in  growth. Other i n v e s t i -
h.ga tio n s recommend extended h ea tin g  fo r  s e v e r a l hours 
to  e lim in a te  r e s id u a l s t r a in ,  w h ile  a slow  in cr ea se  o f  
tem perature, a t a ra te  o f  20°0 per day to  reach r e ­
c r y s t a l l i s a t io n  tem perature was a ls o  rep o r ted . In most 
9 26papers 5 the specimen shapes were a ls o  lim ite d  to  a 
w idth o f  up to  2 cm ., th ic k n e s s e s  of about 2 mm. and 
len g th s up to  10 cm.
The q u estion  may be asked, why a l l  t h i s  e la b o ra te  
prep aration  o f  specim en i s  n ecessa ry  when a l l  th a t  i t  i s  
designed to  ach ieve i s  a s t r a in  fr e e  u n iform ly  sm all 
grain  s i z e .  I t  would seem lo g ic a l  th a t  i t  m ight be 
sim pler to  choose or provide param eters o f  th e  sample so  
th a t i t s  l im it in g  eq u ilib r iu m  g ra in  s iz e  would be in  th e  
order o f  0*1 mm. in  d iam eter. The e x te n s iv e  soak ing o f  
specimens a t about 550°C as recommended by v a r io u s  
workers does n ot seem to  be lo g ic a l ,  a t  l e a s t  fo r  com­
m erc ia lly  pure aluminium, as r e c r y s t a l l i s a t io n  occurs a t  
th ese  tem peratures in  the order o f 2 to  15 m inutes 
depending on th e  p rev io u s h is to r y  o f the sam ple. To 
v e r if y  t h i s  p o in t , a t l e a s t  a dozen tra n sm iss io n  and back 
r e f l e c t io n  Laue photographs were taken to  e s t a b l i s h  w hether 
or not th ere  was any d e te c ta b le  r e s id u a l s t r a in  p resen t  
a f te r  a p relim in ary  anneal a t 600°C fo r  15 m in u tes.
W ithin the s e n s i t i v i t y  o f  th e  method employed, th ere  was 
no d e te c ta b le  s t r a in  l e f t  in  th e  specim en.
I t  was a ls o  n o tic ed  in  a s e t  o f  p i l o t  experim ents
conducted on commercial pure aluminium, th a t  th e l im it in g
grain  s iz e  was reached w ith in  13 m inutes a t  600°C, and any
fu r th er  soaking a t  th a t tem perature d id  not cause an
in crea se  in  th e average g ra in  s i z e .  T h is f a c t  was not
27unexpected s in c e  J e f f r ie s  p o in ted  out a number o f  s im ila r  
examples as e a r ly  as 1924.
I t  was th e r e fo r e  thought th a t  an eq u ilib r iu m  sm all 
grain  s i z e ,  s u ita b ly  uniform  and s t r a in  f r e e ,  could  be 
achieved by a h igh  tem perature an n ea l. For t h i s  treatm ent 
the s t r ip  shaped specimen was p laced  in  a preheated  m uffle  
furnace, so th a t  i t  ra p id ly  reached a tem perature o f  5 to  
10 d egrees below m eltin g  p o in t .  A com m ercially  a v a ila b le  
m uffle furnace was found s u ita b le  fo r  t h i s  p urpose. 
Temperature c o n tr o l was based on a sim ple o n -o f f  sw itch in g  
d ev ice  a c t iv a te d  by a thermo co u p le , and claim ed to  be 
-  2°0 in  the tem perature range o f 20°C to  800°C. The 
in te r n a l tem perature grad ien t on the furnace f lo o r  was 
g en era lly  found b e t te r  than -  5°C.
I f  the specimen has been h e a v ily  deformed by some 
prev iou s form ing o p era tio n , which i s  the case fo r  com­
m er c ia lly  r o l le d  h a lf-h a rd  s t r ip s  and s h e e ts ,  the sudden 
exposure to  a uniform  h igh  tem perature, favou rs the sim­
u ltan eou s n u c le a t io n  o f  r e c r y s t a l l i s e d  g ra in s a t  a l l  h igh
16 -
energy a rea s . The in crea se  in  n u c le a t io n  frequency , 
w hile i t  i s  accompanied by an in crea se  in  th e  ra te  o f  
boundary m igra tion , w i l l  in v a r ia b ly  r e s u lt  in  a 
uniform ly sm a ll-g ra in ed  m atrix .
Many e a r ly  workers em phasise the need fo r  a s teep  
temperature gra d ien t over the growth zone. The sub­
s t i t u t io n  o f eq u ation  8 in to  eq u ation  7 shows th a t  th e  
rate  o f  boundary m igration  i s  a tem perature a c t iv a te d  
rate  p ro ce ss .
In the case  o f eq u ilib r iu m  growth o f  a s in g le  gra in  
in to  the p o ly c r y s ta l l in e  m atr ix , the r a te  o f  growth would 
equal to  the speed v  o f  th e  furnace moving over the  
specimen. T his in  turn  would mean th a t i f  the furnace  
moves slow er than the maximum ra te  o f  growth c a lc u la te d  
fo r  the maximum tem perature o f  a grad ien t fu rn ace , the  
growth boundary would *run away1 i . e . ,  growing fe s te r  than  
the furnace speed u n t i l  i t  reach es a c o o le r  zone where i t  
would slow down to  an eq u ilib r iu m  r a te . I t  was th e r e fo re  
p o ss ib le  to  use a tube furnace5h -which the tem perature  
grad ien t was sh a llo w , mounted on r a i l s  so th a t  i t  could  
be moved over the c r i t i c a l l y  s tra in ed  specim ens.
-  17 -
2 . 3 . furnace d esig n  and th e  growing o f  the aluminium  
s in g le  c r y s t a ls .
To grow th e  aluminium s in g le  c r y s t a ls ,  i t  was 
decided to  u se two fu rn a ces. One was chosen  to  s u it  
the co n d itio n s  and requirem ents o f  the p r e - s t r a in  
an nealin g , and the o th er was designed  to  s u i t  the growth 
anneal c o n d itio n .
I t  was shown e a r l ie r  in  s e c t io n  2 . 2 . th a t  to  grow 
s in g le  c r y s ta ls  th e  f i r s t  anneal was to  provide maximum 
o p p o rtu n itie s  fo r  n u c le a t io n  a t  s u ita b le  s i t e s  and th e r e ­
fore  provide optimum c o n d itio n s  fo r  the growth o f  uniform  
gra in  s i z e .  The fundam ental requirem ent o f  a su ita b le  
furnace was th e r e fo r e , an even tem perature d is t r ib u t io n .  
E xploratory measurements o f  the tem perature d is t r ib u t io n  
o f the furnace f lo o r  were taken  in  m u ffle , a ir  c ir c u la t in g  
and gas furnaces*
E v en tu a lly  the u se was made o f a com m ercially  
a v a ila b le  W ild -B a rfie ld  type M60 e l e c t r i c  m uffle fu rn a ce . 
The main advantages o f  t h i s  typ e  o f furnace were found to  
be, f i r s t l y ,  i t s  rap id  a tta in m en t o f  the requ ired  tem­
p era tu re , and a ls o  th a t  a batch  o f  about 10 s t r ip  specim ens 
could be in troduced  sim u lta n eo u sly  in to  the h o r iz o n ta l  
charge area . In t h i s  manner, v a r i a b i l i t y  o f  the p re­
anneal treatm ent was kept to  a minimum. The tem perature
-  18 -
and duration  o f  the p r e - s t r a in  an nealin g  was determ ined  
exp er im en ta lly . In th e f i r s t  in s ta n c e , th e  furnace and 
i t s  a sso c ia te d  tem perature c o n tr o l apparatus were . 
ca lib r a te d  a g a in st  a sm all m o lte n . charge o f  aluminium.
The sample was obtained  by m eltin g  down some p ie c e s  o f  the  
aluminium to  be used fo r  the exp erim en ts.
The an nealin g  tem perature was then  s e t  a t  5°C below  
the m eltin g  p o in t o f  th e  sam ple.
The d eterm in ation  o f th e  an nealin g  tim e a t th a t  
temperature was made by in tro d u cin g  a bateh o f  s t r ip  
samples in to  th e  p re-h eated  fu rn ace, and then  w ithdraw ing  
the s t r ip s  a t f iv e  minute in t e r v a ls .
When the s t r ip  reached room tem perature in  s t i l l  a ir  
i t  was cut both fo r  met a l io  graphic exam ination  and fo r  
B rine11 hardness measurements. The combined exam inations  
showed th a t eq u ilib r iu m  gra in  s iz e  under f u l l y  annealed  
c o n d itio n s , was reached in  about 15 m inu tes.
An a lte r n a t iv e  d eterm in ation  o f  the s u ita b le  com­
b in a tio n  o f  an nealin g  tem perature and tim e was made by 
o b ta in in g  p art o f  the p o le  f ig u r e  fo r  th e in s id e  te x tu r e .  
F ig . 2 shows the ( i l l )  p o le  f ig u r e  fo r  the an n ea lin g  
tex tu re  o f a sample annealed a t  620°C nom inal tem perature 
fo r  15 m inutes. The te x tu r e  i s  s t r ik in g ly  c lo s e  to  a 
( l o o ) /  Xoo^ id e a l  o r ie n ta t io n , known as the cube 
te x tu r e . T his i s  in v a r ia b ly  regarded as r e c r y s t a l l i s a t io n
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tex tu re  r e s u lt in g  from c e r ta in  com binations o f p ro cess  
and a llo y in g  v a r ia b le s .  The average gra in  s iz e  o f  the  
specimens was a lso  measured and found to  be approxim ately  
0 .1  mm. These s t r a in  fr e e  and even grained annealed  
specimens were then  subm itted to  a t e n s i l e  s tr a in in g  o f  
31/ $ .  The c o r re c t  amount o f  s t r a in  was not determ ined  
ex p er im en ta lly , but fo llo w ed  th e  recommendation o f  p rev iou s
oi±
w orkers . The s t r a i n i n g  a p p a ra tu s  used  was a com m erc ia lly
a v a i l a b le  I-Iounsfield E x ten so m ete r  w i th  e l e c t r i c a l  c o n ta c t
extensom eter a tta ch ed .
pq
Graham 8c Mad d in  , in  t h e ir  work, su ggested  th a t  by 
removing the su rfa ce  oxide la y e r  o f th e  s tr a in e d  specimen  
by e tch in g  the su rfa ce  p r io r  to  the growth an n ea lin g , 
su rface n u c le a tio n  may be m inim ised. For th a t  e tch in g  a 
so lu t io n  o f  2 p a r ts  HFCU and 1 p art HF in  3 p a r ts  w ater  
was used*.
F ollow ing  t h i s  p r e p a r a t o r y  t r e a tm e n t ,  th e  specim ens 
were ad m itte d  i n d i v i d u a l l y  i n t o  th e  tu b e  f u r n a c e .
The b a s ic  o p era tin g  requirem ent o f th e  growth furnace  
was to  provide a sh allow  tem perature gra d ien t a long the  
lo n g itu d in a l and tra n sv erse  dim ensions o f  the growing  
c r y s t a l .  I t  was thought th a t  a tube furnace would s u i t
9
t h is  requirem ent very  c lo s e ly ,  though o th e rs  had found 
i t  q u ite  u n su ita b le .
- 2 1  -
Previous exp erien ce u s in g  t h i s  type o f fu rn ace, 
showed th a t  in  commercial tube fu rn aces fo r  use up to  
1,000°C the h ea tin g  w ires are even ly  wound on th e  o u ts id e  
o f  the furnace tu b e , and provide no com pensation fo r  the  
heat lo s s  r e s u lt in g  from th e  g rea ter  exposure to  ambient 
tem perature o f  th e  ends o f  th e  tu b e . To h elp  th e  de­
velopment o f  co r r e c t  tem perature g ra d ie n t, a m ild s t e e l  
specimen support was passed  through the fu rn a ce . The 
lo n g itu d in a l tem perature g ra d ien t became la r g e r  by con­
duction  through t h i s  supp ort. The tra n sv er se  grad ien t  
was provided by th e  n a tu ra l a ir  draught d ev elo p in g  in  
most h o r iz o n ta l tube fu rn aces w ith  uneven lo n g itu d in a l  
temperature d is t r ib u t io n .
The c o n stru c tio n  o f  the furnace ( F i g .3 ) d if fe r e d  
from commercial tube furnaces in  th a t  i t  was designed  
so th a t i t  could be moved on r a i l s  over th e  specim en. The 
specimen in  turn  was supported on a long ta b le  b r id g in g  
from one end o f  th e  apparatus to  th e o th e r . To m inim ise 
uneven heat lo s s e s  by con d u ction , a la y e r  o f  a sb esto s  
paper was p laced  between th e  support and th e  specim en.
The tem perature c o n tr o l o f  the furnace was ach ieved  by an 
NiGr-lTiAl therm ocouple p laced  in  th e  tube furnace c lo s e  
to  the su rface o f  th e specimen and moving w ith  th e  fu rn a ce . 
T his therm ocouple was in  turn  connected to  an B ther m in i-  
tem perature r e g u la to r , where th e  output v o lta g e  was
F I G .  3 .  TUBULAR ANNEALING FURNACE.
compared w ith  a re feren ce  v o lta g e , and th e  r e s u lta n t  
e r r o r -s ig n a l fed  in to  a t r a n s is to r is e d  a m p lif ie r  to  
operate an o n -o ff  r e la y ;  I t  i s  claim ed by th e  manu­
fa c tu r e r s  th a t  th e r e la y  w i l l  operate w ith  a d i f ­
f e r e n t ia l  in  in pu t s ig n a l o f  l e s s  than 40 m ic r o v o lts , 
which i s  eq u iv a len t to  about 1°0 s e n s i t i v i t y .
The e l e c t r i c a l  c o n tr o l c i r c u i t  i s  shown diagram - 
a t ic a l l y  in  F i g .4 . The m echanical movement o f  the tube 
furnace was provided  by a sm a ll e l e c t r i c  c lo c k  motor 
( F ig .5 ) coupled to  s e t  o f f  red u ctio n  gears and 
ev en tu a lly  d r iv in g  a sh a ft  o f  about % in ch  in  d iam eter.
To t h i s  d r iv in g  sh a ft  a copper w ire was a tta ch ed , which  
by being r e e le d  onto th e r o ta t in g  s h a f t ,  moved th e  
furnace a t a speed o f 1 ,5  cm ./h . At th e e a r ly  s ta g e s  
o f the experim ents, the w ire i t s e l f  provided  th e  m echanical 
sa fe ty  o f the furnace by breaking once the furnace reached  
a p r e -s e t  s to p . L ater, the system  was m odified  to  in ­
corporate a term in a l co n ta ct sw itch  which turned the motor 
current o f f  a t th e  predeterm ined p o in t in  the path o f  the  
furnace. The growth tem perature was e s ta b lis h e d  ex­
p er im en ta lly , s ta r t in g  from tem peratures s l i g h t l y  above 
m eltin g  p o in t . By loYrering the tem perature su bseq uently  
to  about 5“10°0 below the m eltin g  p o in t , a s e r ie s  o f  s in g le  
c r y s ta l  specim ens were o b ta in ed .
Further low ering o f tem perature a ls o  produced s in g le  
c r y s ta l  specim ens but th ey  in v a r ia b ly  con ta ined  large
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numbers o f  d isp ersed  gra in  in c lu s io n s ,  probably b elon g in g  
to  the o r ig in a l  p o ly c r y s ta l l in e  m atrix . The tem perature  
d is tr ib u t io n  w ith in  the tube furnace was measured by 
employing a OrAl-NiAl therm ocouple. The method used fo r  
t h i s  s e t  o f measurements was to  secure a therm ocouple 
c lo se  to  the su rfa ce  o f  a s t r ip  specim en, the therm ocouple 
was in  turn connected  to  a c ir c u la r  ch art tem perature-tim e  
recorder.
By sim u ltan eou sly  s ta r t in g  both  th e  t r a v e l l in g  
furnace and the tim e reco rd er , a graph was tra ced  out 
showing the tem perature-tim e fu n c tio n  o f  a p o in t on the  
specim en. Knowing th e speed o f  t r a v e l  o f  th e  furnace and 
hence th e  r e la t io n s h ip  o f  the p o in t to  th e fu rn a ce , a graph 
o f tem perature d is t r ib u t io n  a lon g  th e  a x is  o f  t r a v e l  was 
ob ta in ed . This tem perature g ra d ien t i s  shown in  F ig .6 .
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2 .4 .  R e su lts .
The s tr a in -a n n e a l method has been fr e q u e n tly  used  
by other workers to  produce c r y s t a ls  o f commercial
p u rity  aluminium.
' 4
Carpenter and Elam by an nealin g  t h e ir  h e a v ily
deformed aluminium a t 550°C fo r  se v e r a l h ours, fo llo w ed
by a weak deform ation  o f  1 to  3% s t r a in  ob ta in ed  s in g le
c r y s ta ls  in  th e  form o f  s t r ip s  3 mm* th ic k  and 25 mm. w id e.
The maximum len g th  o f  th e se  s in g le  c r y s t a ls  was not s ta te d
in  th e ir  paper.
34
B a g aryatsk ii and K olenstava rep orted  on s in g le  
c r y s ta l  growth o f  w ire specim ens o f  1 mm. d iam eter up to
a len gth  o f 15 cm. T heir method was e s s e n t i a l ly  to  anneal
a c r i t i c a l l y  s tr a in e d  specim en in  two s ta g e s ,  the f i r s t  
stage anneal b e in g  a t 620°C fo r  4 hours fo llo w ed  by th e  
second sta g e  anneal a t 450°C fo r  2 h ours.
Of.
Honeycombe r , a ls o  p roduced  s in g le  c r y s t a l s  o f  3 mm.
w ire o r sq u a re  rod  shape up to  a  s iz e  o f  5 cm .ifc le n g th .
The main s ig n if ic a n c e  o f  t h i s  in v e s t ig a t io n  was the  
emphasis th e  author p laced  on th e  f a c t  th a t fo r  w ire or 
bar shaped specim ens, th ere  was no need f o r  s p e c ia l  furnace  
d esign ; a lo n g itu d in a l therem al grad ien t o f  20°C per cm. 
was s a t is f a c t o r y .
-  29 -
9W illiam son and Smaliman- however, d escrib ed  a 
s p e c ia l  furnace w ith  su ita b le  lo n g itu d in a l and tr a n s­
verse therm al grad ien t in  which s t r ip s  1 mm. th ic k  and 
12 mm. wide were converted  in to  s in g le  c r y s t a ls  o f 2 
f e e t  or more in  le n g th . Their recommendation fo r  
complete r e c r y s t a l l i s a t io n  o f  specimen was to  lower them 
through a tub u lar furnace o f h igh  heat ca p a c ity  a t a 
speed o f 10 cm. per m inute. The tem perature o f the furnace  
was s e t  a t a tem perature ju s t  below th a t which would cause  
a moving specimen to  m elt, about 750°C fo r  aluminium.
At the e a r ly  s ta g e s  o f t h i s  in v e s t ig a t io n  t h i s  method 
was attempted and found th a t t h i s  techn ique o f  r e c r y s ta l­
l i s a t io n  imposes an in h eren t l im ita t io n  on the s iz e  o f  the  
s t r ip .  I t  was found th a t when the aluminium s t r ip  reached  
the high tem perature requ ired  fo r  com plete and rapid  r e ­
c r y s t a l l i s a t io n ,  i t s  u ltim a te  t e n s i l e  s tre n g th  reduced to  
very low v a lu e . When the w eigh t o f the s t r ip  below the  
high tem perature zone exceeded what th e  metal.could support 
at th a t tem perature, the strip* broke and f e l l  through th e  
furnace.
P ig .7 shows some o f  the la rg e  gra in  specim ens obtained  
by the method d escrib ed  in  2 .3* They are 1 mm. th ic k  and . 
approxim ately 30 mm. w id e .s t r ip s .  On the average t h e ir  
lo n g itu d in a l s i z e s  are w e ll  o u ts id e  the d im ensions many 
previous workers mention as t h e ir  maximum s i z e .  Thus the  
method used could  be .regarded as very s u c c e s s fu l .
—S'-) —
F IG . 7 .  SOME TYPICAL LARGE CRYSTAL SPECIMENS. 
( S e e  F IG . 1 9 .  f o r  c o m p a r is o n  )
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The s in g le  c r y s t a l  nature o f  th e  specim ens was 
ascerta in ed  by two independent p r o c e s se s . F ir s t  they  
were examined by a double e tc h in g  techn ique developed  
fo r  t h i s  purpose. The f i r s t  e tch in g  reagen t ap p lied  to  
the su rface was designed  to  remove the ox ide la y er  and 
the second to  produce s tro n g ly  p r e f e r e n t ia l  e tch in g  to  
show up d i s t in c t l y  the d i f f e r e n t ly  o r ien ted  m acrograins.
The com position  o f  the f i r s t  etch a n t was 3 p a rts  
HO1 two p a rts  HNO^  in  5 p a r ts  H^O. The second etch an t  
which d evelop ed *  th e  g ra in s was a sa tu ra ted  s o lu t io n  
o f FeCl^, GHgO in  w ater, or in  a lc o h o l. I t  was very  
n o tica b le  that many specim ens a f t e r  ap p ly in g  the f i r s t  
etchant appeared to  be m onocrystals under macro­
in sp e c t io n , y e t  a f t e r  swabbing w ith  a s o lu t io n  o f  FeCl^ 
in  w ater, they  appeared to  be composed o f  some th ree  or 
four large c r y s t a ls .  The q u a n tita t iv e  com position  o f  
e ith e r  o f the e tch a n ts  and t h e ir  tem perature d id  not 
seem to  be c r i t i c a l .
I t  was n ecessa ry  a t t h i s  sta g e  to  ensure th a t  the  
second stage  e tch in g  r e a l ly  corresponded to  s in g le  c r y s t a l  
a rea s . I f  agreement was to  be found between th e  e tch in g  
technique and an X -ray d i f f r a c t io n  method showing the  
same area as etched  to  be s in g le  c r y s t a l ,  th e sim pler and 
quicker e tch in g  techn ique could have been adopted fo r  
a sc e r ta in in g  fu r th e r  specim ens.
The d if f r a c t io n  method tr ie d  s u c c e s s fu l ly  could  
be b est described  as a m o d ific a tio n  to  a tech n iq u e, 
f i r s t  proposed by G uinier h  Tennevin^ . They showed 
th at when a th in  c r y s ta l  s la b  i s  illu m in a ted  by d iv erg en t  
polychrom atic X-ray r a d ia t io n , focussing o ccu rs. Oince 
areas o f im p erfec tio n s fo cu s X -rays by a s l i g h t ly  
d if fe r e n t  geometry from p e r fe c t  c r y s t a ls ,  im p erfec tio n s  
in  a s in g le  c r y s ta l  may be d e te c te d . The most n otab le  
advantage o f the G uin ier-T ennevin  method i s  th a t s l ig h t  
surface unevenness has l i t t l e  e f f e c t  on the r e s o lu t io n ,  
and th e r e fo r e , e lim in ated  d i f f i c u l t  e le c tr o p o lis h in g  o f  
su r fa c e s . I t  was thought th a t  i f  t h is  method i s  sen­
s i t i v e  enough under s p e c i f ic  circu m stan ces to  show mosaic 
stru ctu re  o f m e ta ll ic  c r y s t a ls ,  i t  must be s e n s it iv e ,  
enough to  s tr u c tu r a l changes on a m a cro -sca le , such as 
sm all gra in  in c lu s io n s  in  a s in g le  c r y s t a l  m atrix or 
boundary a rea s .
The m o d ifica tio n  to  t h i s  techn ique was the use o f  
an approxim ately 8 mm. wide s l i t  which was co n sid era b ly  
wider than the o r ig in a l ly  recommended 40^  s i z e .  By t h i s  
m o d ifica tio n  a r e la t iv e ly  la rg e  area was illu m in a te d  by 
the X-ray beam, e f f e c t iv e ly  showing m acro-im perfection s  
p resen t in  the specim ens.
The experim enta l arrangement i s  shown diagram-' 
m a tic a lly  in  P i g .8 . The polychrom atic X -rays were passed
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through a m etal tube o f  1 metre len g th  and o f  about 
2 cm. in te r n a l d iam eter. The specimen was supported in  
the beam so th a t  a s e r ie s  o f  tra n sm iss io n  photographs 
could be made o f  s e le c te d  a r e a s . A f l a t  f i lm  camera 
was p laced  about 10 cm. away from the specim en. A 
ty p ic a l  d i f f r a c t io n  p ic tu r e  o f F ig .9 was ob ta in ed  by an 
exposure o f  30 m ins. to  Cu r a d ia t io n  a t  25kV and ISmA.
The comparison o f  the photographs o f  the etch ed  area and 
th a t  o f  the d i f f r a c t io n  p ic tu r e  shows the one to  one 
correspondence o f the double e tc h in g  tech n iq u e to  the  
d if f r a c t io n  method.
F ollow in g th e se  in v e s t ig a t io n s  i t  was thought th a t  
some sim ple exam inations o f  im purity  p r e c ip i ta t io n  due to  
extended h ea tin g  o f  the specim ens would be w arranted. I t  
was assumed a t t h i s  stage  th a t  p r e f e r e n t ia l  p r e c ip i ta t e s  
o f p o s s ib le  aluminium compounds may in f lu e n c e  the a n t i ­
c ip a ted  v e lo c i t y  e f f e c t s ,  should th ey  be p resen t in  
abundance.
A rap id  method o f exam ination  was found to  be the  
a p p lic a t io n  o f e le c tr o n  beam m ic r o -a n a ly s is . These in ­
v e s t ig a t io n s  were ca rr ied  out in  a Cambridge scanning  
e le c tr o n  beam m icro -a n a ly ser . I t  was d e te c te d  th a t  main 
im p u r itie s  o f  F e , S i  and Cu were not p r e c ip ita te d  in  a 
p r e fe r e n t ia l  manner.
FIG . 9 .  LIGHT AND X-RAY MICROGRAPHS OF AN IDENTICAL CRYSTAL AREA.
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At the e a r ly  s ta g e s  o f  s in g le  c r y s t a l  p rep a ra tio n  
some randomly s e le c te d  sam ples were e le c t r o  l y t i c a l l y  
polished^ u sin g  a 'V ick ers E le c tr o p b l machine and th e ir  
own p ro p rie ta ry  p o lis h in g  s o lu t io n , and subsequently  
l ig h t ly  etched  in  a s o lu t io n  o f  23% HP, 25% and
50% HgO. F o llow in g  t h i s  trea tm en t, a number o f su rface  
r e p lic a s  were prepared u s in g  B exfilm  and carbon de­
p o s it io n  method. The r e p l ic a s  were examined under a 
Siemens Elm iscope e le c tr o n  m icroscope a t  low magni­
f i c a t io n .  About 10 r e p l ic a s  were examined, obtained  
from d if f e r e n t  sam ples w ith ou t any boundaries or p re­
f e r e n t ia l  p r e c ip ita t io n  marks b e in g  observed . One 
r e p lic a  however, showed v ery  c le a r ly  s ig n s  o f  p re­
c ip i t a t io n  o f  some p o s s ib le  alum inium -copper compound. 
F ig .10 shows the reprodu ction  o f  th e  e le c tr o n  m icro­
graph a t 4 ,0 0 0  m a g n if ic a tio n . S in ce  th e se  p r e c ip ita te d  
compounds are not p resen t in  a l l  th e  sam ples to  the  
ex ten t shown in  F i g .10, t h e ir  e f f e c t  i s  not con sid ered  
to  be s ig n if ic a n t  in  th e se  exp erim en ts. I f  they  e x e r t  
any s ig n if ic a n t  in flu e n c e  on th e  g en era l mode o f  de­
form ation , t h e ir  e f f e c t  could  be eva lu ated  by re p e a tin g  
some o f th e  forthcom ing experim ents u s in g  resea rch  
p u r ity  grade aluminium in s te a d  o f  th e  p resen t com m ercial 
grade.
F IG . 1 0 .  ELECTRON MICROGRAPH OF SURFACE REPLICA 
MAGNIFICATION: 4-000 X .
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A chance o b serva tion  e a r ly  in  the growth ex­
perim ents helped a good d ea l towards growing good 
q u a lity  s in g le  c r y s t a ls .  I t  was mentioned e a r l ie r  th a t  
the p r e -s tr a in  annealing  was made in  b a tc h e s . F o llow in g  
t h is  p r a c t ic e , i t  was con ven ien t to  s t r a in  the s t r ip s  
a lso  in  b atch es and then admit them one by one in to  the  
growth fu rn ace. I t  was n o tic ed  th a t th e  f i r s t  two or 
three s t r ip s  were converted  m ostly  in to  s in g le  c r y s ta ls  
w ith no, or very  few , sm all g ra in  in c lu s io n s ,  w h ile  the  
s t r ip s  grown fo u r  or f iv e  days a f te r  s tr a in in g  in v a r ia b ly  
showed large amounts o f  unabsorbed g r a in s . A co n secu tiv e  
se t  o f specim ens are shown in  F i g . l l .
These sm all g ra in s are b e lie v e d  to  be g ra in s  o f  the  
r e c r y s ta l l is e d  p o ly c r y s ta l l in e  m atrix fo r  t h e ir  average  
s iz e  c o in c id e s  w ith  th a t o f the s tra in ed  p o ly c r y s ta l l in e  
m atrix. A p o s s ib le  ex p la n a tio n  i s  th a t th ere  i s  some 
lim ited  recovery occurs at room tem perature, even in  com­
m erc ia lly  pure aluminium.
S tr a in in g  the specim ens im m ediately before the f i n a l  
growth anneal appeared to  suppress the p resen ce o f  sm all 
grain  in c lu s io n s .
FI
G
. 
11
. 
LA
RG
E 
GR
AI
NE
D 
SP
EC
IM
EN
S 
W
IT
H 
IN
CL
US
IO
N 
G
R
A
IN
S
-  40 -
2*3 • C o n clu sion s.
From the p reced in g  r e s u l t s  one may conclude th a t  
when growing s in g le  c r y s ta ls  from com m ercially pure 
aluminium, the im portant exp erim en ta l d e t a i l s  are:
a) to  r e c r y s t a l l i s e  the h e a v ily  deformed specimen  
as c lo s e  to  i t s  m e lt in g  p o in t as p o s s ib le
b) th e  growth anneal should fo llo w  im m ediately  
a f t e r  th e  a p p lic a t io n  o f c r i t i c a l  s t r a in
c )  th e  furnace in  which the r e c r y s t a l l i s a t io n  
ta k es  p la ce  should id e a l ly  have no therm al 
grad ien t
- d) the growth anneal fu rn a ce , which may be tu b u la r , 
should p o sse s s  a low lo n g itu d in a l therm al 
g ra d ien t o f  about 30°G per cm. in  the v i c i n i t y  
o f  the growing in te r fa c e
The p rep ara tion  o f  s in g le  c r y s ta ls  in  th e se  ex­
perim ents provided a r e la t iv e ly  sim ple way o f  comparing 
some measured growth param eters to  th a t  o f  a lread y  
published  d a ta .
F ollow in g  th e  r a te  p ro ce ss  assum ptions o f  e a r ly  
w o rk ers^ , T u r n b u ll^  d efin ed  the r a te  of boundary 
m igration  as a product o f  th e  boundary m o b ility  and th e  
grad ient o f  the chem ical p o t e n t ia l  in  the growth d ir e c t io n
-  4-1 -
assuming th a t  th e atoms tra n sfe rr ed  s in g ly  a cro ss  the  
boundary. On t h i s  assum ption he obtained  the ex p ress io n  
fo r  the ra te  o f boundary m igration :
G = GQ exp (-Q/RT) 
where Gq the l im it in g  ra te  i s  d efin ed  as
%  = (4-) ( # )  Dq
in  which eq u ation  d i s  th e  d is ta n c e  o f  lo c a l  boundary 
advance when one atom i s  tr a n sfe r r e d  from one s id e  o f  
the boundary to  th e o th er , and a i s  the l a t t i c e  param eter; 
F i s  the d r iv in g  fr e e  energy per mole and D i s  an ex­
perim ental c o n sta n t . R , T and Q have t h e ir  u su a l meaning.
I t  was however, p o in ted  out by Gordon and Vandermeer 
th a t s in ce  a c t iv a t io n  e n e r g ie s  Q cannot be c a lc u la te d  
th e o r e t ic a l ly  w ith  any p r e c is io n  in  th e  s in g le  p ro cess  
theory , the t h e o r e t ic a l  e s t im a te s  o f  G may co n ta in  large  
erro rs . I t  was recommended by them th a t  the comparison  
should be made between th e v a lu e s  o f  lo g  GQ obtained  
t h e o r e t ic a l ly  and ex p er im en ta lly . However, in  t h i s  com­
p a riso n , on ly  agreement o f the order o f  magnitude can be 
expected*
To o b ta in  lo g  Gq ex p er im en ta lly , i t  was n ecessa ry
to  measure tem perature and growth ra te  a c c u r a te ly . The 
method d ev ised  to  do t h i s  was to  in trodu ce a c r i t i c a l l y  
stra in ed  specimen in to  the preheated  t r a v e l l in g  furnace  
in  such a manner th a t one end o f  the specim en was in  l in e  
w ith  the lea d in g  end o f  th e  fu rn a ce . The furnace d r iv in g  
mechanism was s ta r te d  so th a t  th e  furnace was p a ss in g  
over the specim en a t a speed o f  1 .5  cm. p er hour. F o l­
lowing s ix  hours o f  growth, th e  specim en was withdrawn 
from the fu rn a ce , a f t e r  c a r e fu l ly  p la c in g  a f id u c ia l  mark 
on the su rface  o f  the specim en so as to  be ab le  to  r e la t e  
the p o s it io n  o f  th e growth in te r fa c e  to  th e  furnace  
geometry. S in ce  the tem perature grad ien t was known 
w ith in  the fu rn a ce , the tem perature o f  the m igrating  
boundary was found from i t s  p o s i t io n  on th e  specimen* 
assuming o f  co u rse , th a t  a f t e r  s ix  hours o f  continuous  
growth, the boundary m igrated w ith  the same speed as the  
moving fu rn a ce . The tem perature was determ ined to  be a t  
525°C.
Hence w ith  the knowledge th a t  the p u b lish ed  va lu e  o f  
Q was to  be 3 4 .0  c a l./g m . atom in  th e  tem perature range 
o f 425°0 to  540°C a t 4% s t r a in 2^, the r a te  eq u ation  may 
be so lved  fo r  G .. S u b s t itu t in g  in to  th e  r a te  eq u a tio n , 
i t  was found th a t  lo g  GQ was eq u al to  5 .9 6  c m ./s e c .
Experim ental v a lu es  of lo g  GQ ob ta in ed  by Gordon 
and Vandermeer^2 and F ro is  and D im itr o v ^  are fo r  zone
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r e f in e d  alum inium  6 .2 3  and 5*55 r e s p e c t iv e ly .  These 
v a lu e s  a re  seen  to  ag ree  w i th in  an o rd e r  o f  m ag n itu d e .
The co n c lu s io n  drawn from t h is  com parison was th a t  
the s in g le  p ro cess  theory  o f  Turnbull was more accep ta b le  
in  the case o f  the s in g le  boundary movement than th e  a l ­
te r n a tiv e  im purity  drag th e o r ie s , even fo r  im p u r itie s  o f  
up to  0.5%.
4 4 . -
3 . The machining and o r ie n ta t io n  d eterm in ation  of the  
s in g le  c r y s t a l  specim ens.
3»1« Introduction.
I t  was m entioned e a r l ie r  in  s e c t io n  2 . 1 . ,  th a t  to  
m inim ise th e  c r y s ta llo g r a p h ic  v a r ia t io n s  between the  
specimens, th e b e s t  approach was to  grow la r g e , s t r ip l ik e  
s in g le  c r y s t a ls  from which a number o f  s u ita b le  specim ens 
could be c u t .
L itera tu re  search  rev ea led  th a t ,  on th e  w hole, th ere  
were th ree  independent methods a v a ila b le  fo r  c u tt in g  
specimens from the o r ig in a l  s t r ip ,  v i z . ,  m ech an ica l, 
chem ical and e l e c t r i c a l  m achining.
The m echanical method o f  c u tt in g  was d iscard ed  
f i r s t l y  fo r  the e x te n s iv e  damage i t  can cause in  d u c t i le  
aluminium and secon d ly  fo r  th e tim e and e f f o r t  requ ired  
to  produce la rg e  numbers o f  specim ens o f  c lo s e ly  equal 
dim ensions.
The chem ical methods which were c l a s s i f i e d  as e i th e r  
purely  chem ical^°“^0 u sin g  f ib r e g la s s ,  p la s t i c  th read , or 
m etal w ire as th e a c id  c a r r ie r ,  or a l t e r n a t iv e ly  e le c t r o ­
chem ical^0 ’ ^  techn ique u sin g  m etal w ire u n s ita b le  fo r  
t h is  type o f  c u t t in g .  These tech n iq u es , w h ile  accurate  
and e f f i c i e n t  fo r  sim p le , c r y s t a l  s l i c i n g  o p e r a tio n s , 
were not d esign ed  to  cut r e la t iv e ly  com p licated  sh apes.
The th ir d  tech n iq u e , based on m a te r ia l removal 
by e l e c t r i c a l  spark s, o ffered  th e  g rea test v e r s a t i l i t y  
in  production  tech n iq u es to g e th e r  w ith  th e p o s s i b i l i t y  
of m inim ising the amount o f  co ld  work in troduced  in to  
the eroded la y e r s  o f  the sam ples.
In the fo llo w in g  s e c t io n , some d e ta i le d  con­
s id er a tio n s  o f  the spark e r o s io n  method are p resen ted .
In s e t t in g  up th e specim en fo r  c u t t in g  by spark  
ero sio n , more than average care was taken  to  ensure th a t  
the specimens were cu t p a r a l l e l  to  each o th e r , thereby  
m inim ising a x ia l  d e v ia t io n s .
Once a s e r ie s  o f specim ens was parted  from the  
parent s t r ip ,  t h e ir  common o r ie n ta t io n  were determ ined  
by u sin g  photographic or cou n ter tech n iq u es . These 
methods are p resen ted  in  d e t a i l  in  s e c t io n  2 .3 .
At the la t e r  s ta g e s  o f  th e  experim ents i t  was 
n oticed  th a t th e measurement o f  the o v e r a l l  e lo n g a tio n  
of the specimen did not g iv e  a r e l ia b le  in form ation  on 
the d u c t i l i t y  o f  the sam ple. In c e r ta in  c a s e s ,  th e  
deform ation was n o tic e d  to  be con cen trated  in  a sm all 
area in  the immediate v i c i n i t y  o f  the fr a c tu r e  w h ile  
others showed uniform  deform ation  throughout the gauge 
length  o f the specim ens. T h is o b serv a tio n  led  to  the u se  
of surface markings on th e rem aining specim ens and 
involved  a method by which a g r id  cou ld  be a c c u r a te ly
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dep osited  on the su rface w ith o u t the in tr o d u ctio n  o f  
surface s t r a in s .  Although the su rface  g r id s  were 
deposited  a t a la t e r  stage  o f the experim ents, t h e ir  
d iscu ss io n  was thought to  he more con ven ien t in  t h i s  
se c t io n .
3 . 2 .  The spark c u t t in g  te c h n iq u e .
The spark c u t t in g  tech n iq u e , known by the a l ­
te r n a t iv e  name o f  spark e r o s io n  has been recommended 
by many workers as th e  most s u ita b le  and economic method
o f producing la rg e  numbers o f  s t r e s s  f r e e  s in g le  c r y s t a l  
specim ens.
The method adopted by most experim enters was based  
on Lazarenko1s42 p a te n t .
A l i t e r a tu r e  search , in  which the r e s u l t s  o f  th e  
past ten  y ea rs have been a n a ly sed , rev ea led  n ot on ly  a 
r e la t iv e  s c a r c ity  o f  q u a n tita t iv e  in form ation  regarding  
the p h y s ic a l nature o f  the p r o c e s s , but a ls o  apparently  
con trad ictory  r e s u l t s .
Some in v e s t ig a t io n s  on s in g le  c r y s t a l  o f  indium4  ^
showed th a t  a t very  low c u tt in g  r a te s  the c r y s t a l  su rface  
was damaged by sh a llow  p i t s  o f  about 0 .1  mm. in  d iam eter  
and extended to  about 0 .0 3  mm. in  d epth . X—ray back 
r e f le c t io n  Laue photographs were taken in  which no de­
te c ta b le  a ster ism  was p r e s e n t . The spark eroded su rface  
i s  u su a lly  con sid ered  to  be s t r a in - f r e e  when th ere  are no 
d etecta b le  a ster ism  p resen t on the back r e f l e c t io n  Laue 
sp o ts . In t h i s  ?/ork a 25 mm. indium c r y s t a l  was s l i c e d  
in  24 hours.
A much f a s t e r  c u tt in g  r a te  was claim ed by o th ers44
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such as a 1 in ch  diam eter aluminium bar was cu t in  5 
m inutes, w h ile  a copper rod o f  s im ila r  s iz e  was cu t in .
30 minutes* The su rface  p i t t in g  was quoted fo r  aluminium  
as between 20 and a n  d iam eter and about 2 ^  in  depth.. 
U nfortunately , no e l e c t r i c a l  param eters were provided  
with the quoted v a lu e s . The s t r a in  co n d it io n  o f  the  
eroded su rfa ces  was e q u a lly  u n c le a r .
In an e a r l ie r  paper by. -.lames and M ilner re feren ce  
was made to  the c u t t in g  o f  s i l i c o n - ir o n  a l lo y  and 
aluminium, d is c s  o f  10 mm. diam eter and 0 .0 1 4  in .  th ic k  
in  about 1 m inute, w hile no d e te c ta b le  a ster ism  was 
reported on th e ir  d i f f r a c t io n  photographs, I t  was a lso  
mentioned th a t t h is  method o f  c u t t in g  was q u ite  g e n e r a lly  
ap p licab le  to  the p rod uction  o f s t r a in  fr e e  p r e c is io n  cu t  
samples o f  any shape.
In v e s t ig a t io n s  o f  o ther re sea rch  workers showed th a t  
a c e r ta in  amount o f  p la s t i c  deform ation  or o th er  damage, 
i s  in v a r ia b ly  p resen t on spark eroded su r fa ce s;  the  
question  was w hether th e damage was o f  a d isp ersed  or 
concentrated n a tu re , which would lend to  i t s  d e te c t io n  by
the con ven tion a l Laue back r e f l e c t io n  method.
48 47Samuels and P a la tn ik  and co-w orkers showed th a t
the depth o f the p la s t i c a l l y  deformed su rfa ce  la y er  i s  
about 4 in  p o ly c r y s ta l l in e  b r a ss . The deformed la y er  
was extended to  about 1 2 5 ^  in  ca ses  of b ism uth, antimony 
and z in c .
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Recent work by Turner, Adams and V reeland^8 showed 
th a t  the in te r a c t io n  o f  p la s t i c  a n iso tro p y  p resen t in  
zone r e fin e d  z in c  s in g le  c r y s t a ls  w ith  th e  h igh  tem­
perature shock can produce more e x te n s iv e  damage than  
found by Samuels or R alatnik* These workers found 
d etec ta b le  p la s t i c  deform ation  exten d ing  6 mm. below a 
su rface from which 1 mm. has been removed by spark  
er o s io n .
A g en era l c r i t ic is m  o f  above rev iew s#  papers i s  
th at they provide no d e ta ile d  in form ation  about th e  
e f f e c t  o f  v ary in g  some p r in c ip a l  param eters, fo r  exam ple, 
current d e n s i t ie s  or e le c tr o d e  m a te r ia ls .
S ince some o f the in v e s t ig a t io n s  rep orted  no de­
te c ta b le  r e s id u a l s tr a in s  a f t e r  spark e r o s io n  w h ile  
others o b v io u sly  exp erien ced  the o p p o site  e f f e c t s ,  i t  
was thought th a t  some in v e s t ig a t io n s  were w arranted.
For th e  purpose o f  t h i s  p resen t work a sm all number 
of experim ents were d ev ised  to  ev a lu a te  th e  dependence 
of r e s id u a l s t r a in  on th e  o p era tin g  cu rren t d e n s i t ie s  
and on th e  m a te r ia ls  o f  th e m achining e le c tr o d e .
These experim ents were conducted on a commercial 
Wickman E rodom atic, type W/BM spark erod in g  machine.
The main o p era tin g  fea tu r e  o f  t h i s  machine i s  th a t  i t  
o f fe r s  four s e t t in g s ,  corresponding to  four d if f e r e n t  
current d e n s i t ie s  provided th a t  th e  co n ta ct area between
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e lec tro d e  and work p iec e  was kept con stan t throughout 
the experim ents; The work ta b le  on which the specim ens 
were mounted was connected to  a h igh  frequency v ib r a to r ,  
the purpose o f  which was to  c le a r  away the eroded par­
t i c l e s  from between the specimen and e le c tr o d e  so as to  
m aintain a continuous c u t t in g  o p era tio n .
The f i r s t  few experim ents were conducted b earin g  in  
mind the p o s s i b i l i t i e s  th a t d i f f e r e n t  cathode m a ter ia l 
may e f f e c t  the amount o f r e s id u a l s t r a in  on the eroded  
su rfa ces . To e s ta b l is h  t h is  e f f e c t ,  th ree  e le c tr o d e  
m ateria ls were s e le c te d .  These were b r a ss , copper and 
aluminium in  the form of 5 /1 6  in .  d iam eter c ir c u la r  bars 
with cro ss  s e c t io n a l  area of 0 .0 7 6 7  sq . in .  The current  
was s e t  a t 256 v o l t s  and 7.5* amp g iv in g  a cu rren t d e n s ity  
of 22.4- KW per sq . in .  The specim ens were th en  eroded fo r  
a se t  time which enabled the e v a lu a tio n  o f  c u t t in g  r a te s .  
It was found th a t  w h ile  the c u t t in g  ra te  was s u b s ta n t ia l ly  
the same fo r  the b ra ss  and th e  copper e le c tr o d e s , i t  was 
considerably lower in  th e case  o f  aluminium cath ode. A. 
d eta iled  account o f  c u tt in g  ra te  v a r ia t io n s  and of the  
d iffer e n ce s  in  the su rface  roughness were reported  e l s e ­
w h ere^ . The s t r a in  e f f e c t s  were estim ated, by v is u a l  
comparison o f  a s e t  o f  X-ray back r e f l e c t io n  Laue photo­
graphs obtained from the eroded su r fa c e s .
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The Laue p attern s showed undoubted s ig n s  o f s tr a in s  
fo r  a l l  ty p es o f  e le c tr o d e  m a te r ia ls .
The opportu n ity  was a ls o  taken  to  ev a lu a te  the  
e f f e c t  o f  h igh  frequency v ib r a t io n s  on the r e s id u a l  
s tr a in . A second s e t  of Laue photographs were obtained  
from specim ens v ib ra ted  during the eroding a c t io n . The 
v is u a l  comparison o f  Laue photographs showed no de­
te c ta b le  d if fe r e n c e s  in  th e  amount o f  s t r a in  p resen t on 
the eroded su r fa c e s .
Further s im ila r  experim ents were conducted w ith  the  
other th ree  cu rren t s e t t in g ,  v i z .  9 .6 ,  3 .7  and 0 .7  KW per  
sq. in .  The a ster ism s in  th e  subsequent Laue d i f f r a c t io n  
photographs rev ea led  the p resen ce o f  s t r a in  fo r  a l l  th ree  
current s e t t in g s .  C arefu l exam ination  o f  th e  Laue 
p ic tu r e s , show ed:that a cu rren t s e t t in g  o f  3 .7  KW per sq . 
in .c a u se s  no more v i s i b l e  s t r a in  than th e  sm a lle s t  cu rren t 
d en sity  o f  0 .7  KW per sq . i n . , w h ile  h igh er  current den­
s i t i e s  damaged th e  c r y s ta ls  e x t e n s iv e ly .  The c u t t in g  
r a te s  a t 3 .7  KW per sq . in .  fo r  both copper and b rass  
e le c tr o d e s  were to le r a b ly  good, approxim ately  8 mm. per  
hour.
While r e a l i s in g  the im p erfec tio n s  o f  th e  method, the  
spark ero sio n  tech n iq u e was adopted as th e  method o f  
specimen c u t t in g . I t  was reco g n ised  th a t  w h ile  the  
specimens were not s tr a in  fr e e  on t h e ir  cu t s u r fa c e s ,
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t h is  lo c a l is e d  r e s id u a l s t r a in  probably a f f e c t in g  the  
com parative r e s u l t s  o f  fu r th e r  experim ents on ly  to  a 
sm all e x te n t  s in c e  they were eq u a lly  p resen t on a l l  
specim ens.
I t  i s  proposed th a t fo r  a more e x te n s iv e  in ­
v e s t ig a t io n  in  which d e ta ile d  sm all s c a le  speed e f f e c t s  
would be in v e s t ig a te d , such as d is lo c a t io n  movements or 
c r y s t a l l i t e  form ation , th e specim en p rep a ra tio n  by 
E lectro n  Beam Machining should be in v e s t ig a te d . This 
method in  many ways resem bles a p r e c is io n  flam e c u tt in g  
op eration  in  which no r e s id u a l s tr a in s  are claim ed to  be 
p resen t i f  p rop erly  u sed .
The spark er o s io n  tech n iq u e as i t  was used in  th e se  
experim ents resem bled a trep an n in g  a c t io n  in  which the  
s p e c ia l ly  shaped e le c tr o d e  or co r in g  t o o l ,  cu t the  
perim eter o f  the specimen s im u lta n eo u sly , p a r tin g  the  
specimen from i t s  parent s t r ip .
The e le c tr o d e s  were made o f copper s t r ip  and shaped 
on a form er. The preformed copper s t r ip s  were then  
bra/zed  onto an e le c tr o d e  h o ld e r . A s e t  o f  th e se  e le c tr o d e s  
i s  shown in  F i g .12.
While g rea t care was taken to  m ainta in  constancy  o f  
dim ensions between e le c tr o d e s ,  i t  was found th a t th ey  
varied  by about i  0 .0 0 2  in ch es  in  t h e ir  w idth  and len g th  y  
dim ensions. To m inim ise the in f lu e n c e  o f  m anufacturing
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F IG . 1 2 .  SET OF ELECTRODES AND SPECIMEN SUPPORT.
-  5 4  -
to ler a n c e  each s e r ie s  o f  specim ens were cu t w ith  the  
same e le c tr o d e  and a new e le c tr o d e  was used fo r  a new 
s e r ie s  o f  specim ens. In t h i s  way th e  e f f e c t s  o f  
e lec tro d e  wear and s iz e  v a r ia t io n  on the d im ensional 
s t a b i l i t y  o f  .the specim ens were kept to  a minimum.
To m inim ise th e  even t o f  a c c id e n ta lly  bending the  
s in g le  c r y s t a l  s t r ip s  during handling o p era tio n , a 
Perspex f ix tu r e  was made as shown in  P ig s .  12 and 13.
The use o f t h is  d ev ice  helped  the c r y s t a l  m anipulation  
by gu id in g  both e le c tr o d e  and the s t r ip  so th a t  the  
c o n se c u tiv e ly  spark eroded specim ens were cu t c lo s e ly  
p a r a l le l  to  one s id e  o f  th e  parent s t r ip .
P ig . 14- shows a s e t  of specim ens to g e th e r  w ith t h e ir  
parent s t r ip .  These and a l l  subsequent specim ens were 
cut w ith  a cu rren t d e n s ity  o f  3 .7  KW per sq . in .  On the  
average, i t  took  approxim ately 20 m inutes to  machine one = 
specimen, which tim e in clu d ed  th e  adjustm ents o f  the  
erod ing  machine and s in g le  c r y s t a l  s t r ip .
Some o f  th e  spark eroded t e n s i l e  specim ens were 
fu r th er  examined fo r  r e s id u a l s t r a in  u s in g  th e  back  
r e f le c t io n  Laue tech n iq u e . The presence o f s l i g h t  
a ster ism  in  th e  Laue sp o ts  was taken  as p ro o f fo r  some 
r e s id u a l s tr a in  e f f e c t s .
To reduce or p o ss ib ly  e lim in a te  r e s id u a l s t r a in s ,  
the eroded specim ens were annealed  in  b a tch es o f  ap-
F IG . 1 3 .  EXPERIMENTAL ARRANGEMENT OF SPARK EROSION.
SOME SPARK ERODED SPECIMENS WITH THE PARENT S.TRIP
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proxim ate ly  tw enty specim ens a t  5>20°C fo r  72 hours. 
Subsequent back r e f l e c t io n  Laue photographs rev ea led  
only sm all changes in  the a ster ism  of th e sp o ts . The 
p rev io u s ly  d escr ib ed  double e tch  tech n iqu e gave no 
s ig n s  o f  r e c r y s t a l l i s a t io n  in  th e  v i c i n i t y  o f  the  
eroded su rfa ces  as a r e s u l t  o f r e s id u a l s t r a in .  I t  
was n o tic ed  th a t subsequent Laue photographs o f  the  
etched  su rface  showed a red u ctio n  in  a s te r ism , w h ile  
the weak sp o ts  which d isappeared  from th e  p a tter n  a f t e r  
spark e r o s io n , reappeared to  some e x te n t . A p o s s ib le  
in te r p r e ta t io n  o f t h i s  phenomenon was th a t  th e  large  
therm al shock and work hardening the m a te r ia l su ffered  
was lo c a l is e d  im m ediately below the su rface  to  a depth  
o f a few m icrons.
The specim ens used in  the fo llo w in g  experim ents  
were prepared e v e n tu a lly  by spark er o s io n  w ith  the  
current s e t  a t  190 V and 1 .5 0  A g iv in g  a cu rren t d e n s ity  
o f 3 .7  KW per sq . i n . ,  su bseq uently  annealed a t 520°C 
fo r  72 hours and f i n a l l y  l i g h t ly  etch ed  in  a m ixture o f  
n i t r ic  a c id , h yd roch lor ic  ac id  and w a ter .
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3 .3 .  O r ien ta tio n  o f s in g le  c r y s t a l  specim ens.
F ollow ing the spark c u t t in g  and an n ea lin g  s ta g e s ,  
the o r ie n ta t io n s  o f the t e n - s in g le  c r y s t a l  groups o f  
specim ens were determ ined. , I t  was assumed th a t , due to  
the care taken in  a lig n in g  c o n se c u tiv e ly  eroded specim ens, 
the o r ie n ta t io n  o f orie specim en of a s e r ie s  i s  rep­
r e s e n ta t iv e  to  the whole o f  the s e r i e s .
The o r ie n ta t io n s  o f  specim ens were determ ined m ainly  
by a d iffr a c to m e tr ic  method. T h is tech n iq u e o f fe r s  the  
advantage o f  speed and g rea ter  accuracy compared to  the  
more t r a d it io n a l  laue tra n sm iss io n  or back r e f l e c t io n  
method. O pportunity was taken  during th e se  experim ents  
to  ev a lu a te  th e use o f  P o laro id  f i lm -p la t e s  fo r  both tr a n s ­
m ission  and b a c k -r e f le c t io n  m ethods. Undoubtedly the  
P olaroid  p la te s  o f f e r  co n sid era b le  sav in g  in  exposure tim e 
and a lso  tim e spent in  fu r th e r  p r o ce ss in g  o f  f i lm s .  How­
ever, due to  the in te n s ify in g  screen  used in  the f ilm  
h old er, the in t e n s i t i e s  and s i z e s  o f th e  v a r io u s sp o ts  do 
not d isp la y  tru e  in t e n s i t y  r e la t io n s h ip s .  T h is e f f e c t  
introduced a d d it io n a l d i f f i c u l t i e s  when th e o r ie n ta t io n  
of the specimen happened to  be in  the c e n tr a l area o f  th e  
u n it t r ia n g le  o f the stereo g ra p h ic  p r o je c t io n . In th ose  
ca ses i t  was d i f f i c u l t  to  reco g n ise  th e  low index p lan es  
required to  f a c i l i t a t e  the in d ex in g  o f  zone axes or p la n e s .
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The a p p lic a t io n  o f  ord inary  photographic m a te r ia l  
d is c lo s e d  the s t a t e  o f  p e r fe c t io n  o f  the c r y s t a l  sam ple, 
whereas the P o la ro id  p la te  showed no f in e  d e t a i l  o f  th e  
Laue sp o ts .
The co n c lu s io n  drawn from th e se  elem entary ex­
perim ents was th a t  the use o f P o laro id  p la t e s  was 
warranted i f  r e s u l t s  were req u ired  r a p id ly  w ithout the  
need to  have an in d ic a t io n  o f  th e  s t a t e  o f  p e r fe c t io n .
The a lt e r n a t iv e ,  and a ls o  a very  rap id  method o f  
o r ie n ta t io n  d eterm in a tio n , was found to  be u s in g  a 
tex tu r e  goniom eter coupled to  a p ro p o rtio n a l cou n ter .
The te x tu r e  goniom eter used  in  th e s e  measurements 
was su p p lied  by Siemens (U .K .) Ltd. T h is p a r t ic u la r  
d iffra c to m eter  was d esign ed  t o  d e te c t  p re fer re d  o r ie n ­
ta t io n  in  sh ee t  sam ples. The geom etric c o n s tr u c t io n  o f  
t h i s  instrum ent made i t  p a r t ic u la r ly  s u ita b le  fo r  o r ien ­
ta t io n  s t u d ie s .  The specim en ta b le  o f  t h i s  goniom eter was 
provided w ith  a c ir c u la r  m otion around i t s  a x is  w h ile  th e  
whole supporting complex was ro ta ted  around an a d ju sta b le  
h o r iz o n ta l a x is .  By co u p lin g  both m otions to g e th e r , i t  
was p o s s ib le  to  scan  a u to m a tica lly  th e area  o f  the s te r e o ­
gram from 0° to  90° on a s p ir a l  o f  2 e le v a t io n .  By 
manually o p era tin g  th e te x tu r e  d iffr a c to m e te r  through a 
f l e x ib le  sh a ft  arrangem ent, i t  was p o s s ib le  to  scan  
se le c te d  areas o f  th e  stenpferam w ith ou t th e  hands b e in g
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exposed to  s c a tte r e d  X-ray r a d ia t io n .
The p ro p o rtio n a l counter and th e  h o r iz o n ta l a x is  
o f  r o ta t io n  were p o s it io n e d  so th a t  r e f l e c t io n s  from 
the ( i l l )  p la n es were recorded on a ra te  m eter.
For com plete o r ie n ta t io n  o f a c r y s t a l  i t  i s  su f­
f i c i e n t  to  lo c a te  two { i l l }  type f a c e s ,  however, in  th e se  
experim ents a l l  fo u r  {113}type fa c e s  were lo c a te d  and the  
angular read in gs tra n sfe rr ed  to  a stereogram . In the  
stereograp h ic  p r o je c t io n  i t  was a m atter o f  geometry to  
f i x  the n ea re st  {100} and {110} type p la n es to  th e  t e n s i l e  
a x es , and then  to  tr a n s fe r  th e  p o s i t io n  o f  th e  t e n s i l e  
a x is  onto the more con ven ien t u n it  stereo g ra p h ic  t r ia n g le .  
To f a c i l i t a t e  sp e e d ie r  geom etric m easurements, a ch art  
was co n stru cted  by drawing l in e s  o f  eq u al angular  
d ista n ce  from th e  th r ee  p o le s  o f  the u n it  stereo g ra p h ic  
t r ia n g le .  The ch art i s  shown in  F i g .15 .
In o ther c a se s  where hack r e f l e c t io n  Laue methods 
have been u sed , photographs were prepared s im ila r  to  the
50one shown in  F ig .  16 and w ith  a G reninger chart^ s te r e o ­
grams were p lo t te d  o f  im portant zones and t h e ir  a x e s .
The p o le s  o f  zone axes were indexed  w ith  the help  o f
51
p ub lish ed  in te rp la n a r  a n g les  in  th e cubic system  and 
w ith  standard stereo g ra p h ic  p r o je c t io n s  o f  fa ce  cen tered  
cubic c r y s ta ls ^ 2 . An indexed stereo g ra p h ic  p r o je c t io n  
corresponding to  th e  back r e f l e c t io n  p a tte r n  o f  F i g .16 i s  
shown in  F i g .17 .
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FIG. 1 6 .  BAGK-REFLS C TION LAUE PHOTOGRAPH OF A SINGLE CRYSTAL OF
ALUMINIUM. SERIES C .
FILM TO SPECIMEN DISTANCE: 3  CM. 
2 5  KV. AND 1 3  MA.
EXPOSURE: MINS.
jv TENSILE AXIS
FIG. 17 S tereograph ic  P ro jec tion  of Fig. 16. With Poles Identified.
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The summary r e s u l t s  o f  the o r ie n ta t io n  s tu d ie s  
and the n o ta t io n  o f  the s e r ie s  are p resen ted  in  F ig . 18.
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FIG. IS. Unit S tereographic Triangle Showing the L ocation  of the  
Original Tensile Axes.
— 0(5 —
3 .4 .  D ep o sitio n  o f su rfa ce  g r id s  fo r  s t r a in  a n a ly s is .
The f in a l  s ta g e  o f specim en p rep a ra tio n  was the  
d e p o s it io n  o f  a su ita b le  su rfa ce  g r id  system , fo r  th e  
purpose o f  s t r a in  measurement. The method o f  grid  
marking on the su rfa ce  had to  be based on photographic  
p r in c ip le s  fo r  o th er  m echanical tech n iq u es would in trodu ce  
an u n co n tro lled  amount o f work harden ing.
The photographic method adopted in  th e se  experim ents  
was s im ila r  to  th e  p r a c t ic e  o f  d e p o s it in g  e tc h in g  p a tte r n s  
in  sem i-con d uctin g  d e v ic e s  p ro d u ctio n . F ir s t  a mask was 
prepared on a w h ite  ca r tr id g e  board, by making an accurate  
drawing o f  the g r id . This was done by s t ic k in g  b la ck  
drawing tape onto the w hite c a r tr id g e  board . The use o f  
drawing tape o ffe r e d  the advantages of accu ra te  l in e  w idth  
and good edge sharpness w hich are norm ally d i f f i c u l t  to  
ach ieve w ith  drawing in k . The th in  ta p es  were stu ck  on 
the board w ith  5 mm. d a y lig h t  between th e  ad jacen t l in e s .  
I t  was n ecessa ry  to  use the space between th e  l in e s  fo r  
accurate s t r a in  measurements because the l in e  w idth  was 
not n e g l ig ib le  compared to  th e  d im ensions in v o lv ed  and 
a lso  th a t  a l ig h t  co loured  space was e a s ie r  t o  measure 
w ith  a t r a v e l l in g  m icroscope then  m easuring l in e  p it c h .  
This drawing was th en  10 tim es reduced p h o to g ra p h ica lly ,' "” 
g iv in g  a m aster mask in  w hich the gap was 0 .5  mm. between  
adjacent l i n e s .
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F in a lly  the m aster mask was re v e r sed , th u s making a 
p rod uction  mask In  which the l in e s  were tra n sp a ren t and 
the d a y lig h t  between them appeared b la c k .
The specim ens were thorough ly  clean ed  w ith  t r i -  
ch lo re th y len e  d egreaser  and d ried  in  a stream  o f  warm a i r .  
F ollow in g  th e  c le a n in g  o p era tio n , the specim ens were 
coated  w ith  KPR, a p ro p r ie ta ry  product su p p lied  by Kodak 
Ltd. T h is p h o to s e n s it iv e  f i lm  was d ep o sited  on the  
su rface  u sin g  a h igh  speed w h ir le r  machine b u i l t  fo r  
t h is  purpose. The tu rn ta b le  o f t h i s  machine was ro ta ted  
at 150 r e v s , p er min. w hile the KPR s o lu t io n  was poured 
in  the m iddle of the specim en from a d r o p le t  d isp e n se r .
By t h is  manner o f  o p era tio n  a v ery  even  and th in  c o a tin g  
o f KPR was produced on the s u r fa c e .
Drying o f  r e s i s t  co a t oocured a t room tem perature  
in  about ten  m inu tes. The specimen was th en  ready fo r  
exposure.
The exposure was made in  a frame under a P h ilip  h ig h -  
pressure mercury—vapour lamp w hich provided the n ecessa ry  
amount o f  u l t r a - v i o l e t  l i g h t .
A fter  exp osu re, th e  unexposed areas o f  th e  KPR f i lm  
were d is so lv e d  in  p ro p r ie ta ry  KPR d ev e lo p e r .
To make th e  image v i s i b l e  i t  was n ece ssa r y  to  immerse 
the exposed specim en fo r  30  seconds inKPR B lack  Dye im-?,-. • 
m ed iate ly  a f t e r  developm ent and p r io r  t o  th e w ater wash.
— 68 —
T his b la ck  dye s t u f f  p en etra ted  'the KPR a r e a s , but d id  
n ot adhere to  th e  bare m etal s u r fa c e s . A fte r  d yein g , a 
thorough w ater wash was n e c e ssa r y .
A fte r  developm ent, th e  image was sa id  to  be sw o llen  
and l ia b le  to  m echanical damage. For average a p p lic a t io n  
the u se  was recommended by th e su p p lie r s  o f a p o st-b a ck in g  
p r o c e s s , in  which the developed and dyed specim ens were 
su b jec ted  to  tem peratures between 177°G -  260°C. The 
r e s u lt  o f such treatm ent was a sharp and neat p a tte r n  but 
the grid  was e x c e s s iv e ly  i n e l a s t i c  and unable to  fo llo w  
la rg e  amount o f  s tr a in in g  e s p e c ia l ly  near fr a c tu r e  f a c e s .  
I t  was found th a t  n a tu ra l drying fo r  about 12 hours at 
room tem peratures provided an eq u a lly  sharp p a ttern  which  
adhered to  th e  su rfa ce  even a t  la rg e  amount o f s t r a in s .  
T his drying treatm ent was used  fo r  a l l  specim ens. A 
sample s e t  o f  the prepared specim ens i s  shown in  F ig .19.
. 
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SINGLE CRYSTAL TENSILE SPECIMENS WITH PRINTED SURFACE GRID
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4 . The h igh  speed t e n s i le  apparatus.
4 .1* In tro d u ctio n .
S ince the aim o f  t h i s  in v e s t ig a t io n  was to  deform  
s in g le  c r y s ta l  specim ens a t v a r io u s s t r a in  r a t e s ,  i t  was 
n ecessary  to  co n stru c t an apparatus s p e c ia l ly  designed  
fo r  th e purpose.
L itera tu re  survey and exam ination  o f commercial 
t e s t in g  apparatus showed th a t the v e l o c i t i e s  up to 1,500  
ip s  could  not be e a s i ly  ach ieved  by a s in g le  h igh  v e lo c i t y  
d r iv in g  mechanism, s in ce  the range o f speed v a r ia b i l i t y  
was too  r e s t r ic t e d .
The most popular d r iv in g  mechanism was found to  be 
pneumatic guns o p era tin g  to  g iv e  v e l o c i t i e s  o f  up to  about 
100 f t . p e r  s e c . For h igh er v e l o c i t i e s ,  e x p lo s iv e s  were 
n early  in v a r ia b ly  used as sou rces o f  d r iv in g  energy.
Brookes and Reddaway ^  designed  a dynamic t e n s i l e  
t e s t in g  machine fo r  measuring absorbed energy in  fra ctu red  
t e n s i l e  specim ens. The d es ig n  was based on a p n eu m atica lly  
driven  impact w eigh t actu ated  by a shear p in  arrangement 
and provided fo r  s t r a in  r a te s  up to  2 ,400  in .  per s e c .-  
The main body o f  th e  t e n s i l e  machine was tu b u la r  and 
obscured the specim en from view  during th e t e s t .  Puglia and 
W atkin s^  reported  on a d rop -forge arrangement in  which
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h igh r a te s  o f deform ations were ach ieved , T heir paper 
did not g iv e  s p e c i f i c  data on th e  r a te s  used in  th e ir  
experim ents.
Pond and G la ss'^  extended specim ens in  te n s io n  a t 
s tr a in  r a te s  vary in g  from 36 to  2 ,0 0 0  in .  per s e c .  The 
apparatus used was d riven  by rubber bands fo r  the low 
v e l o c i t i e s  and a compound gas gun was adopted fo r  th e  
high v e lo c i t y  t e s t s .  U n fo rtu n a te ly , n e ith e r  i l l u s t r a t io n  
nor d e ta ile d  d e s c r ip t io n  was a v a ila b le  about th e  c o n stru c tio n  
o f th e  d r iv e  mechanism. The b a s ic  fe a tu r e s  o f  co n stru c tio n  
were s im ila r  to  th o se  of Brookes and Reddaway.
Mahtab, Johnson and S l a t e r ^  developed an a ir  gun to  
drive an in d en ter  head w ith  v e l o c i t i e s  up to  2 ,7 0 0  in .  per  
se c . The in te r n a l c o n str u c tio n  o f th e  apparatus was not 
rep orted . The very h igh  r a te s  o f s t r a in  were e a s i ly  
provided by co n ta ct e x p lo s iv e s  o f  TUT or P e n t o l i t e . : The 
main l im ita t io n  o f  t h i s  apparatus was th a t on ly  com pressive  
s t r e s s e s  could be gen erated .
cr n
G la ss , Moss and Golasldr ' developed a u s e fu l  e x p lo s iv e  
method to  study m etal deform ation  a t h igh  e x p lo s iv e  p ressu res  
but w ithout e f f e c t iv e ly  c o n tr o l l in g  r a te s  o f d eform ation . 
S in g le  c r y s t a l  copper and ir o n  were s tu d ied  by Smith and 
F o w ler^  su b jected  to  e x p lo s iv e  p ressu res  up to  460 kbar.
In a l l  th e se  experim ents u s in g  e x p lo s iv e s ,  a t lea st-  
one member o f  th e  team was employed by a commercial research
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o rg a n isa tio n  d ea lin g  w ith  th e u t i l i s a t i o n  or manufacture 
of h igh e x p lo s iv e  m ateria ls*  T h is , o f  co u rse , provided  
the exp erien ce  n ecessa ry  to  handle e x p lo s iv e  charges w ith  
a h igh  degree o f  s a f e ty .
Some la t e r  developm ents in  h igh  energy ra te  de­
form ation  u t i l i s e d  rapid  e l e c t r i c a l  d isc h a r g e s , Kegg and
59 :K alpakcioglu^ reported  b u lg in g  o f  aluminium tu b es in
which r a d ia l v e l o c i t i e s  in  the order of 3 ,000  in .  per s e c .
were generated by d isch a rg in g  condensers through a th in
aluminium w ire . While th e p r o c e ss  i s  em inently  s u ita b le
fo r  commercial m anufacturing o p era tio n s , i t s  u se , in  i t s
presen t form, i s  s e v e r e ly  lim ite d  in  t e s t in g  s in g le  c r y s ta l
specim ens. Experim ents conducted la t e ly  a t H a tfie ld
C ollege o f  Technology confirm ed many r e s u lt s  o f  p r e v io u s ly
published  papers and showed th a t w ith s p e c ia l  d e s ig n , the
p rocess may be adopted fo r  the g e n e r a t io n ■o f high v e lo c i t y
shock w aves, su ita b le  fo r  deform ing s in g le  c r y s t a l s .
The study o f th e  a v a ila b le  l i t e r a tu r e  on t h is  su b jec t  
re su lte d  in  the acceptance o f pneum atics fo r  low v e lo c i t y  
t e s t s ,  w hile i t  was r e a lis e d  th a t  on ly  e x p lo s iv e  operated  
drive mechanism would provide .'s u f f ic ie n t ly  h igh  impact 
v e l o c i t i e s .
The b a s ic  p r in c ip le s  fo r  th e m echanical d es ig n  o f  the  
apparatus could be summarised under th e head ings: (l)n -^ "  
Economy in  c o n str u c t io n , (2 )  S a fe ty  in  o p e ra tio n , (3). Free
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o b serv a tio n  o f  specim en during deform ation .
The fo llo w in g  s e c t io n s  are d e a lin g  w ith  the probler 
encountered during d esig n  and c o n str u c tio n  of the t e s t  
apparatus. ^
4 .2 .  P r in c ip le s  and development o f apparatus.
The main c r i t e r io n  o f  th e  m echanical d es ig n  which 
the apparatus had to  s a t i s f y  was economy in  c o s t  o f  
d esig n in g  the apparatus. To ach ieve  t h i s  aim, i t  was 
intended to  b u ild  the t e n s i l e  apparatus from in te r ­
connected modular u n it s  ra th er  than adopting the in te g r a l  
u n it  p r in c ip le s .  T h is modular d esig n  provided the  
apparatus w ith  a h igh  degree of f l e x i b i l i t y  in  ex­
perim ental arrangem ents.
A fu r th er  advantage o f  t h i s  approach was th a t in  the  
case o f  a se r io u s  f a u l t  in  d esig n  or f a i lu r e  o f  a p a r t, 
the com plete r e b u ild in g  o f th e  apparatus was not n ece ssa r y .
The use o f  e x p lo s iv e s  in  the impact mechanism requ ired  
the observance o f  r ig id  r e g u la t io n s  concern ing the use and 
storage o f  exp lod in g  m a te r ia ls . R eg u la tio n s g en er a lly  
requ ire th a t e x p lo s iv e s  can on ly  be used by s u ita b ly  ex­
perienced  p erson n el in  r e s t r ic t e d  areas and a ls o  th a t a 
c a r e fu l record i s  kept o f  i t s  u s e . .
I t  appeared th a t r e g u la tio n s  and the s a fe ty  o f  the  
in d iv id u a l may eq u a lly  be s a t i s f i e d  by adopting the use o f  
a com m ercially a v a ila b le  u n r if le d  gun. A few t r i a l s  w ith  
an 0 .2 2  u n r if le d  gun showed th a t  the mass o f the lead b u l le t  
was e x c e s s iv e ly  sm all compared to  the moving mass o f  the  
apparatus. In a d d it io n , the lead  b u l le t  d is in te g r a te d  a t
impact producing a f in e  dust spray in. the v i c i n i t y  o f  
the apparatus. .
While the low speed sta g e  worked s a f e ly  w ith com­
p ressed  a ir ,  the h igh  speed range o f  the experim ents was 
not a t a l l  s a t is fa c to r y  a t th e  i n i t i a l  s ta g e s  of t h is  work.
I t  occured th a t  ca r tr id r e -o p e ra ted  n a il in g  guns may 
be s u ita b le  as the d r iv in g  mechanism o f  th e  t e n s i l e  ap­
paratus .
A fter  some minor m o d if ic a t io n s , the gun was tr ie d  
.s e v e r a l  tim es by hand. The energy contained  in  th e  car­
tr id g e s  w as c e r ta in ly  s u f f i c i e n t  to  a c c e le r a te  the s l id e  
to  h igh  fra c tu re  v e l o c i t i e s .  I t  was in  f a c t ,  so much in  
e x c e ss , th a t  th e b r ic k -w a ll used to  cou n ter-sup p ort the  
apparatus fra ctu red  a f te r  about e ig h t  t r i a l s .  I t  was a lso  
found th a t the s t r e s s  a c t in g  011 the o p e ra to r fs hands a t  
the moment o f impact, w as.so la rg e  th a t th ere  was a danger 
of p erso n a l in ju ry  i f  th e gun was to  be operated  by hand.
To e lim in a te  such fa t ig u e ,  th e  gun was e v e n tu a lly  mounted 
in  a c o u n te r s lid e  and i t  was f ir e d  by an a ir -a c tu a te d  
remote c o n tr o l mechanism.
In order to  ach ieve  max:) mum p o s s ib le  fr a c tu r e  
v e l o c i t i e s ,  the moving p art o f  the apparatus was supported  
on a h igh p ressu re a ir  cu sh io n . In t h i s  manner i t  was 
hoped to  reduce th e  f r i c t i o n a l  drag to  a minimum. Later  
measurements showed th a t th e  a ir  b earin g  was e f f e c t iv e  a t
low v e l o c i t i e s  but nob a t e x p lo s iv e  sp eed s. The f in a l  
d esig n  evolved  from th ese  p i lo t  experim ents i s  presen ted  
in  s e c t io n  4 .3 .
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4 .3 .  C o n stru c tio n a l d e t a i l s  and op era tio n  o f  apparatus.
In F i g s .20 and 21, the en g in eer in g  d e t a i l s  o f  the 
apparatus are p resen ted . Due to  the modular c o n str u c tio n  
o f the apparatus, the components, w ith  th e  ex c ep tio n  o f  
the im pacting mechanism and i t s  mounting, were t h e . same 
fo r  both the low and th e h igh  v e lo c i t y  exp erim en ts. The 
specimen was mounted between a s ta t io n a r y  and m obile 
specimen grip  so th a t  i t s  a x is  was h o r iz o n ta l.  The end 
grip  was made o f  two p ie c e s ,  both serra ted  on t h e ir  inner  
fa c e s ,  so th a t  the specimen was firm ly  clamped between them 
by t ig h te n in g  a f ix in g  screw .
To provide uniform  mounting c o n d it io n s , a nylon  
tem plate was made which enabled accurate r e - s e t t in g  o f the  
g r ip s , and m aintained the h o r iz o n ta l  p o s i t io n  o f  the  
specimen ju s t  b efo re  th e  clam ping screw s were t ig h te n e d .
The base p la te  and guide b lo ck  were d r i l l e d  w ith  % in .  
diam eter h o le s  to  provide in .le t s  and p ressu re  i)ads fo r  the  
high p ressu re  a ir .  T h is compressed a ir  provided  an a ir  
b earin g  fo r  the s l id e  p rev en tin g  i t  from b e in g  in  d ir e c t  
m eta l-to -m e ta l co n ta c t  w ith  th e  guide b lo c k s  and the base 
p la te .  The a ir  bearing  was found to  be th e  most e f f e c t iv e  
at a p ressu re  o f  SO p s i .  To p reven t th e  s l i d e  le a v in g  the  
co n fin es  o f  the guide b lo c k s , am impact b lo ck  was a ttach ed  
to  the base ch an n el. The impact b lo ck  was d r i l l e d  to
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provide a cc e ss  fo r  e l e c t r i c a l  v e lo c i t y  p rob es. The 
photograph o f  F ig .22 shows the b a s ic  u n it  w ithout the  
d r iv in g  mechanism.
In the low v e lo c i t y  experim ents a l}z in .  d iam eter  
a ir  c y lin d e r  was adopted fo r  the d r iv in g  mechanism. The 
impact c y lin d e r  was mounted by i t s  fro n t sp ig o t  and was 
attach ed  to  the s ta tio n a r y  specim en g r ip . The p is to n  rod 
was extended by a s ie v e  so th a t th e  p is to n  and p is to n  rod 
were allow ed approxim ately 1 in ch  t r a v e l  b efore  th e  'end 
came in to  con tact w ith  th e  s l id e  e x te n s io n . An a ir  source  
o f  120 p s i .  minimum pressure was found s u f f i c i e n t  to  
fr a c tu re  the specim ens. F i g .23 shows the t e n s i l e  apparatus 
as i t  was used fo r  th e low speed exp erim en ts.
To operate the h igh  v e lo c i t y  module, the c y lin d e r  
mounting was removed and a cou n ter b lock  was secured by a 
l in k  p ie c e  to  the base ch an nel. A photograph o f  the counter  
b lo ck  and lin k  p ie c e  is'sh ow n  in  F i g .24-.
The counter b lock 'w as b o r e d .to  s u it  the ou ter  d iam eter  
o f  the impact gun end some rubber padding was p laced  a t the  
bottom  o f  the bore to  protecb  the p la s t ic  c a s in g  o f th e  gun 
from th e r e c o i l .  Due to  t h i s  unusual use o f  th e  n a i l in g  gun, 
i t  was thought n ecessa ry  fo r  reason s o f s a f e t y ,  t o  provide  
a to g g le  mechanism w hich, through remote c o n tr o l ,  p u lle d  the  
a c tu a tin g  t r ig g e r .  The arrangement of t h i s  to g g le  a c tu a to r  
• i s  shown in  F i g .23.
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F IG . 2 2 .  PHOTOGRAPH OF BASIC TSNSILE APPARATUS.
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F IG , 2 3 .  PHOTOGRAPH OF AIR OPERATED TENSILE APPARATUS,
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COUNTER BLOCK AND LINK PIECES
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F IG , 2 5 .  TOGGLE ACTUATOR FOR REMOTE F IR IN G .
The m anufacturers o f  t h is  n a i l in g  gun developed  
fou r ty p es  o f  c a r tr id g e s  marked by green , y e llo w , red 
and b lack  co lo u rs to  in d ic a te  in c r e a s in g  s tr e n g th . Due 
to  t h i s  d if fe r e n c e  in  charge s tr e n g th , the a c c e le r a t io n  
o f  the gun p lunger was to  vary from one type to  the  
o th er . In t h i s  way four h igh  v e lo c i t y  read in gs were 
provided by the standard c a r tr id g e s .
The load in g  o f  th e  sp ec im en 'in to  the apparatus was 
s im ila r  to  th a t  o f  th e  low v e lo c i t y  exp erim en ts. Next 
the gun was loaded w ith  th e  r e q u is i t e  c a r tr id g e  and the 
gun was p laced  in  p o s it io n . A fter  secu r in g  the b o lt s  in  
the l in k  p ie c e , th e  to g g le  arm was swung in to  p o s it io n  
over the t r ig g e r ,  ( F ig .2 6 ) . The gun was then ^ ired  by 
r e le a s in g  an a ir  v a lv e  connected between th e  h igh  p ressu re  
su pp ly-p ipe and the a ir  c y lin d e r  o f  th e  to g g le  mechanism.
The experim ents reported  in  S ec tio n  5 were e v e n tu a lly  
conducted by u sin g  one a ir  impact speed and four e x p lo s iv e  
v e l o c i t i e s .
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F IG . 2 6 .  THE TENSILE APPARATUS WITH GUN AND FIRING  DEVICE
4 .4 .  Measurements o f  s tr a in  r a te s .
The exp erim en ta l system  used fo r  determ in ing the  
v e lo c i t y  o f  th e  moving s l id e  i s  shown In  F i g s .27 and 28.
I t  was n ecessa ry  to  adopt two system s o f  measurements 
fo r  making the exp erim en ta l read in gs r e l i a b le .  In one 
system  s u ita b le  fo r  lower v e l o c i t i e s ,  a gas la s e r  beam 
was used as a c o llim a te d  l ig h t  sou rce, and was d ir e c te d  
onto a l ig h t  s e n s i t iv e  d io d e . A th in  m eta l p la t e ,  which  
w i l l  be re ferred  to  as a g a tin g , was screwed onto the end 
fa ce  o f the s l i d e .  The d im ensions o f  th e  g a tin g  were such  
th a t  th e  s e r ie s  o f  eq u a lly  spaced h o le s  a llow ed  the l ig h t  
beam to  f a l l  onto th e  d iode as the g a tin g  was moving t o ­
geth er w ith  the s l i d e .  Thus a s e r ie s  o f  l ig h t  im pulses  
was r ece iv ed  by the p h o t o -c e l l  and the e l e c t r i c a l  im pulses  
generated  were fed  through an a m p lif ie r  to a double beam 
o s c i l lo s c o p e .  The im pulse provided  by th e  f i r s t  h o le  in  
the ga te  was used to  t r ig g e r  a s in g le  sweep o f  the o s c i l ­
loscop e beams. The sweep speed was chosen to  cover th e  
time in te r v a l  o f  a l l  th e h o le s  p a ss in g  through th e  la s e r  
beam. The tim e base was provided  by a s ig n a l  generator  
which was a lso  connected  to  th e  o s c i l lo s c o p e .  T h is com­
b in a tio n  o f d ata  enabled the c a lc u la t io n  o f th e  s l id e  
v e lo c i t y  w ith  reason ab le accu racy .
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F IG . 2 7 ,  EXPERIMENTAL ARRANGEMENT AND CIRCUIT DIAGRAM FOR THE 
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F IG . 2 8 .  EXPERIMENTAL ARRANGEMENT OF THE HIGH VELOCITY TESTS.
S ince the a v a ila b le  a ir  supply in  the lab ora tory  was 
a t a p ressu re o f  120 p s i . ,  t h i s  was used fo r  c a l ib r a t in g  the  
compressed a ir  operated t e n s i l e  apparatus.
To econom ise th e  use o f a v a ila b le  s in g le  c r y s t a l  
specim ens, i t  was decided  to  u se sample s t r ip s  o f p o ly ­
c r y s t a l l in e  aluminium o f  the same u ltim a te  t e n s i l e  s tren g th  
as th a t  o f  the s in g le  c i y s t a l  specim ens. A pplying the 120 
p s i .  op eratin g  p ressu re  s e v e r a l tim es to  fr a c tu r e  t r i a l  
specim ens o f  s l i g h t ly  d if f e r e n t  s tr e n g th , i t  was found that 
th e a v a ila b le  energy in  th e p is to n  was much in  ex c ess  than  
was requ ired  to  fr a c tu r e  the specim ens. I t  was th e r e fo r e ,  
not su rp r is in g  to  fin d  th a t th e  v e lo c i t y  read in gs were 
u n a ffe c ted  by o r ie n ta t io n , w ith in  exp erim en ta l erro rs  o f  
about 5$ . By th e use o f matched specim ens, th e  v e lo c i t y  
was found to  be 16 .65  f t . / s e c .  (200 i n . / s e a ) .
While the experiments utilised only the speed of 16.65 
ft./sec., higher velocities would be possible by adopting 
a commercially available high pressure compressed nitrogen 
source.
During th e h igh  v e lo c i t y  measurements i t  was found th a t  
the g a tin g  o f even ly  spaced h o le s  was not r e l ia b le .  At h igh  
v e l o c i t i e s ,  the cathode sweep had to  be extrem ely  f a s t  to  
match th e  movement o f  th e  s l i d e ,  thus exceed in g  th e  sen­
s i t i v i t y  o f  the photographic paper. At a low er speed o f  
sweep the tr a n s ie n t  photographed on th e  o s c i l lo s c o p e  was not 
r e so lv e d .
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However, a Rocher U n iv ersa l Counter-Timer was t r ie d  
out and found to  be e f f e c t iv e  fo r  th e  h igh er  s t r a in  r a te s .  
In t h i s  mode o f  measurements th e  counter was s e t  t o  count 
the number o f  m icroseconds during which a l ig h t  source  
illu m in a ted  the l ig h t  s e n s i t iv e  d io d e . The c u t - o f f  o f  
l ig h t  source was made in  a s im ila r  fa sh io n  to  th a t  used  
during the low speed measurements. In the g a tin g  p la te  
a s l o t  o f  2 cm. len g th  was machined and the number o f  
m icroseconds counted during which th e  s l id e  moved th a t  
d is ta n c e .
The average v e lo c i t y  corresponding to  each o f  the  
fou r ca r tr id g e  grades was determ ined. I t  was found th a t  
the s in g le  v a lu e s  w ith in  a grade d ev ia ted  by not more than  
10% from the mean v a lu e .
These mean v e l o c i t i e s  were 750 i n . / s e c . ,  870 i n . / s e c , ,  
1060 i n . / s e c . ,  and 1 ,500  i n . / s e c .  fo r  the green , y e llo w , 
red and b lack  la b e lle d  c a r tr id g e s  r e s p e c t iv e ly .  With th ese  
v e l o c i t i e s  and w ith  th e  v e lo c i t y  o f  200 i n . / s e c .  obtained  
by the a ir  impact arrangement and a ls o  w ith  th e  standard  
s t a t i c  t e n s i l e  t e s t in g  v e lo c i t y ,  a f u l l  exp erim en ta l 
v e lo c i t y  range was e s ta b lis h e d .
5* Experimental in v e s t ig a t io n .
5 . 1 .  In tro d u ctio n .
I t  i s  w e ll  known in  th e aero-sp ace in d u stry , th a t  the  
behaviour o f m eta ls w ith  in cr ea s in g  impact v e lo c i t y ,  i s  
s t i l l  a m atter fo r  co n sid era b le  d eb ate . R inehart and 
P ea r so n ^  s ta te  th a t  although a s ta r t  has been made in  
o b ta in in g  data  regard ing  th e  g en era l m e ta llu r g ic a l and 
c r y s ta lio g r a p h ic  e f f e c t s ,  th ere  i s  s t i l l  a p a u c ity  o f  
u s e fu l b a s ic  in form ation . I t  was reported  during the 1961- 
1962 s e r ie s  o f  C rea tive  M anufacturing Seminars o f the  
American S o c ie ty  o f Tool and M anufacturing E n gin eers, 
th a t th ere  was a con sid erab le  spread o f behaviour o f m etals  
encountered during h igh  energy ra te  form ing o p era tio n s .
Some m eta ls showed e s s e n t ia l ly  no change in  t h e ir  p la s t ic  
behaviour, w h ile  o th ers  had very  in c o n s is te n t  p a tte r n s , 
and s t i l l  o th ers  showed a d e f in i t e  trend o f  in crea se  or 
d ecrease in  some p la s t ic  p r o p e r t ie s .
A s im ila r ly  e r r a t ic  behaviour was noted even fo r  a 
s in g le  m eta l, depending on the presen ce o f 'p r e fe r r e d  
o r ie n ta t io n , method o f  a n n ea lin g , tem perature of o p era tion  
e tc .  and depending a ls o  on the s t r e s s  c h a r a c te r is t ic s  o f  
the forming o p era tio n .
Apart fr o m ‘th e reported  changes In p l a s t i c i t y ,
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61Verbraak ' in v e s t ig a te d  the co rro s io n  r e s is ta n c e  o f  
a u s te n it ic  18% 0r-8%Ni s t a in le s s  s t e e l .  I t  was found 
th a t in  e x p lo s iv e ly  formed s t a in l e s s  s t e e l  co rro s io n  
r e s is ta n c e  a g a in st magnesium c h lo r id e  a tta c k  was con­
s id er a b ly  d ecreased , in  some c a se s  to  such a degree th a t  
th e  s t e e l  could no longer be con sid ered  as s t a in l e s s .
From t h is  paper, i t  i s  not c le a r  whether t h i s  
ca ta stro p h ic  change in  co rro sio n  r e s is ta n c e  was ap­
p lic a b le  to  o th er  co r ro s iv e  a g e n ts . T his e f f e c t  i s  a l l  
the more in t e r e s t in g ,  fo r  a Stevenage m anufacturing  
company has been e x p lo s iv e ly  producing a u s t e n i t ic  
s t a in le s s  s t e e l  d e n ta l p la te s  o f  s im ila r  com position  fo r  
a number of y ea rs  w ithou t com plain ts o f  c o r r o s io n . Some 
e f f e c t s  o f  h igh  r a te s  o f  s t r a in  were rep orted  in  a con­
feren ce  on the p r o p e r t ie s  of m a te r ia ls . The p u b lish ed
6? ■.proceed in gs o f t h is  conference co n ta in  re p o r ts  on the
m echanical e f f e c t s  o f h igh  s t r a in  ra te  such as v a r ia t io n s  
in  the s t r e s s - s t r a in  curves fo r  s t e e l  and o th er  m a ter ia ls  
and a ls o  on q u a li ta t iv e  work com pleted on f a s t  deep-draw ing.; 
The one fa c to r  common in  a l l  th e se  papers was the absence 
o f any attem pt to  r e la t e  the changes in  en g in eer in g  
p ro p e r tie s  to  c r y s ta llo g r a p h ic  or m e ta llu r g ic a l ch a ra cter­
i s t i c s .
The e f f e c t s  o f  e x p lo s iv e  lo a d in g  on s in g le  c r y s ta ls  
o f copper and aluminium were examined by G la ss , Moss and
- 9 3  -
57G olaski^ . T heir experim ents have been conducted on 
c y l in d r ic a l  s in g le  c r y s ta ls  exploded in te r n a lly  by the  
e x p lo s iv e  PBX. The specim ens were examined fo r  fra c tu re  
c h a r a c te r is t ic s  and the nature of the s tr a in  markings has 
been in v e s t ig a te d  in  some d e t a i l .  The t h e o r e t ic a l  fra c tu re  
mechanism op eratin g  in  e x p lo s iv e ly  loaded c r y s t a ls  accorded  
w e ll  w ith  experim ents. The s in g le  c y r s t a l  s tu d ie s  showed 
th a t  th e  deform ation ta k es p la ce  along th e  co n v en tio n a l
[ i l l ]  / ^ l i o y  s l i p  system . In copper, tw in - l ik e  s tru c tu r es  
were analysed  by b a c k -r e f le c t io n  Laue method and were found 
to  be kink bands, w ith in  which no d e tec ta b le  deform ation  
was observed .
W hile the experim ental work p resen ted  in  the paper was 
thorough, i t  was found to  be d i f f i c u l t  to  apply to  fundam ental 
problem s.
A much more fundamental work was p resen ted  by Pond and 
G lass'^  concern ing th e c r y s ta llo g r a p h ic  nature o f  h igh  
v e lo c i t y  e f f e c t s .  In t h i s  work s in g le  c r y s t a l  aluminium  
specim ens were extended in  te n s io n  a t speeds between about 
^0 to  2 ,000  i n . / s e c .  The fra c tu red  specim ens were examined
-triA»y
by o p t ic a l  and X -ray tech n iq u es . However, .only^ specim en  
o r ie n ta t io n s  were s tu d ie d . In one group of specim ens, the  
t e n s i l e  a x is  was c lo s e  to  th e  (OOlJ d ir e c t io n  w hile  the a x is  
o f th e o th er  group was ly in g  near the [ l  2 10] d ir e c t io n .
The co n c lu s io n s  o f  th e ir  work were t h a t ,  f i r s t l y ,  th ere
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e x i s t s  a c r i t i c a l  v e lo c i t y  which may be id e n t ic a l  to  
th a t p o stu la ted  by von Karman; secon d ly  th a t  the manner 
o f  p la s t i c  deform ation  was u n a ffe c ted  by v e l o c i t y ,  and 
th ir d ly  th a t  the exp erim en ta l determ ined c r i t i c a l  
v e lo c i t y  was r e la t iv e ly  u n a ffe c ted  by o r ie n ta t io n .
There was a sh o rt statem ent p resen ted  in  the paper 
about c e r ta in  changes observed in  the ch a ra cter  of the 
Laue sp o ts . I t  was s ta te d  th a t  th e  lower v e l o c i t i e s  o f  
deform ation tended to  produce more pronounced a ster ism  
in  the form o f Debye -S ch em er r in g s .
The specim ens su b jected  to  d i f f r a c t io n  a n a ly s is  were 
examined a t p o in ts  g e n er a lly  w e l l  away from th e  necked 
p o r t io n . B a c k -r e f le c t io n  Laue exam ination showed no change 
in  th e l a t t i c e  r o ta t io n  due to changes in  the deform ation  
v e lo c i t y .
The sta tem en ts on a ster ism s and th o se  o f constancy  
of term in a l r o ta t io n  appear to  be a t v a r ia n c e . The 
form ation  o f  Debye-.Scherrer r in g s  on the photographs are 
due to  the c r o s s in g  o f  an ord inary Laue sp ot th e  l in e  o f  
a p o te n t ia l  powder r in g  had th e  specimen been p o ly -  
c r y s t a l l in e .  I f  the len g th  o f a rcs was observed to  be 
v e lo c it y  dependent then  alm ost c e r ta in ly  the e x te n t  o f  
l a t t i c e  bending should be a fu n c t io n  o f v e l o c i t y .
In the fo llo w in g  s e c t io n s ,  th e  experim ents and the  
ob serv a tio n s are p resen ted  which were co n d u cted .to  c la r i f y  
fu r th er  the in flu e n c e  o f impact v e lo c i t y  on the deform ation  
of aluminium s in g le  c r y s t a ls .
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5 . 2 . ■E ffe c ts  o f  deform ation v e lo c i t y  on s t r a in  
d is t r ib u t io n .
In th ese  exp erim en ts, over 50 s in g le  c r y s t a l  
specim ens o f 10 o r ie n ta t io n s  were t e s t e d .  The i n i t i a l  
o r ie n ta t io n s  and the n o ta tio n  o f  th e  s e r ie s  are shown in  
F ig .1,8 . Of each s e r ie s ,  one specim en was su b jected  to  a 
s t a t i c  t e n s i l e  t e s t  w h ile  th e  remainder were used in  a 
s e r ie s  o f  impact t e n s i l e  t e s t s  of in c r e a s in g  v e l o c i t i e s .  
The specim ens, a f t e r  fr a c tu r e , were c a r e fu l ly  mounted for  
subsequent measurements and were shown in  F i g .29. The 
o v e r a ll  e lo n g a tio n  o f  each specim en was measured under 
a t r a v e l l in g  m icroscope to  an accuracy o f  0 .1  mm. The 
l in e a r  s t r a in s  were then c a lc u la te d  and were p lo t te d  
a g a in st th e  im pacting v e l o c i t i e s .  A cursory in sp e c t io n  
of th e se  p lo t s  in  F ig .3 0  confirm ed a t  once th e e x is te n c e  
of a c r i t i c a l  impact v e lo c i t y  a t which th e specimen
cc
d isp layed  maximum o v e r a l l  s t r a in .  Pond and G lass ex­
p er im en ta lly  determ ined a c r i t i c a l  impact v e lo c i t y  a t  
which o v e r a l l  e lo n g a tio n  o f  specim ens were maximum, as 
1080 i n . / s e c .  (90 f t . / s e c . )  fo r  99.997% p u r ity  aluminium  
s in g le  c r y s ta ls  of two o r ie n ta t io n s .  I t  i s  u n fortun ate  
th a t th e range of o r ie n ta t io n  examined in  t h i s  rep ort d id  
not in c lu d e  th o se  of Pond and G la ss .
- 9 6 -
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On the su rfa ce  o f  S e r ie s  A, B and L, a g r id  system  
was d ep o sited  as d escr ib ed  in  S e c t io n  3*4-. T h is enabled  
measurements to  be taken at in te r v a ls  away from th e  fra c tu re  
fa c e , showing th e s tr a in  d is t r ib u t io n  w ith in  the specim ens. 
The r e s u l t s  o f  th e se  measurements are p resen ted  in  
g ra p h ica l form in  F ig .3 1 a , b , and c .  In th ese  graphs, 
the c a lc u la te d  lo c a l  t e n s i l e  s t r a in s  are p lo t t e d  a g a in st  
the d is ta n c e  from the fr a c tu r e  fa ce  a t w hich the measured 
s tr a in s  occur.
The comparison o f  th e  ap p rop riate  graphs o f  F ig s .30 
and 31 showed t h a t ,  w hile th ere  was a c le a r  in flu e n c e  o f  
the impact v e l o c i t i e s  over the l in e a r  s tr a in s  in  the 
specim ens, i t  became more em phasised when th e  t e n s i l e  
s tr a in  d is t r ib u t io n  was examined in  the v i c i n i t y  of the  
fra c tu r e  fa c e .
Some experim ents were conducted a t the b o i l in g  tem­
p erature of l iq u id  n itr o g en  to  d isc o v e r  whether the low 
ambient tem perature would fu r th er  enhance th e  in flu e n c e  o f  
impact v e lo c i t y .  The experim ents w ith  specim ens o f S e r ie s  
B showed th a t th e low ambient tem perature in crea sed  the  
o v e r a ll  e lo n g a tio n  of specim ens deformed a t 750 i n . / s e c .  
impact v e lo c i t y  from 3 0 . 7% to  34.4%. The maximum lo c a l  
s tr a in  which occured a t the fr a c tu r e  fa ce  showed,a s im ila r  
in crea se  from 200% to  330%. The specim ens B4 and B5» both  
te s te d  a t 1 ,300  i n . / s e c .  appeared to  be much l e s s  dependent
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on ambient tem perature.
The experim ents in  S e r ie s  A showed a s im ila r ly  
in crea sed  e lo n g a tio n  a t low tem perature. Specimens A5 
and A6 were bbth t e s t e d  a t  1 ,300  i n . / s e c .  impact v e lo c i t y ;  
specim en A6 was co o le d . The in crea se  in  o v e r a l l  e lo n g a tio n  
was from 36 . 7% a t room tem perature to  38 . 1% a t the tem­
p eratu re o f  b o i l in g  l iq u id  n itr o g e n . The lo c a l is e d  s tr a in  
however, decreased  a t the fr a c tu r e  fa ce  w ith  d ecrea sin g  
tem perature.
The diagrams of F ig .3 1 c  showed c le a r ly .t h a t  th ere  was 
a co n sid era b le  change in  th e  fr a c tu r e  mode in  S e r ie s  L.
The lo c a l  s t r a in  d is t r ib u t io n s  in  LI and L2 were found in  
appearance s im ila r  to  S e r ie s  A and B, w h ile  th e  h igh  speed  
t e s t s  o f L3, IA and L5 r e su lte d  in  a co n sid era b ly  d if f e r e n t  
p a tter n  o f  s t r a in  d is t r ib u t io n .
From th ese  t e s t s  i t  seemed alm ost c e r ta in  th a t  the  
e f f e c t s  o f  in c r e a s in g  s t r a in  r a te s  were accen tuated  in  the  
necked-down p o rtio n s o f the fra ctu red  specim ens. Further  
t e s t s  were d ev ised  which would d e te c t  changes occuring in  
the necked p o r tio n  due to  in c r e a s in g  s t r a in  r a t e s .
During th e se  experim ents an. attem pt was a lso  made to  
record by h igh -sp eed  c in e-p h otograp h y , th e  deform ation  
p ro cess from th e moment of impact t i l l  fr a c tu r e  occured.
To t h i s  end th e  a s s is ta n c e  o f  the M in istry  o f Technology 
was sou ght. H igh-speed f ilm s  were obtained  of_specim ens
-  107 -
fra ctu red  a t fo u r  d if f e r e n t  v e l o c i t i e s .  U n fortu n ately  
the camera r e s o lu t io n  and the specimen illu m in a tio n  were 
not up to  the requ ired  standard, so th a t the p h oto-grid  was 
not shown c le a r ly  in  the f i lm s .
-  108 -
5 .3 .  S l ip  c h a r a c te r is t ic s  o f  h igh  v e lo c i t y  deform ation .
I t  i s  g e n e r a lly  accepted  th a t the { l l l } / < 3_10)> s l i p  
system  op era tin g  a t s t a t i c  or low v e lo c i t y  deform ations  
r e ta in e d  up to  speeds o f  s e v e r a l thousands o f  in ch es per  
second.
The deform ation behaviour of aluminium c r y s ta ls  was 
d escrib ed  in  th e  l i t e r a tu r e  in  terms o f  a primary system  
and t h i s  was always th a t system  on w hich the reso lv ed  
shear s t r e s s  was a t a maximum. However, when th e  r o ta t io n  
o f the t e n s i l e  a x is  brought the a x is  to  th e  ( 0 0 1 ) -  ( 111) 
boundary o f  th e u n it  stereograp h ic  t r ia n g le  a secondary  
s l ip  system  was to  b eg in  to  o p era te . T h e o r e t ic a lly , a t  
t h i s  p o in t , both system s operate s im u ltan eou sly  to  produce 
a duplex s l i p .  The duplex s l i p  o f  BI7/CI caused a fu r th er  
r o ta t io n  o f the t e n s i l e  a x is  towards th e  (112) p o le . When 
the t e n s i l e  a x is  reached th a t p o s it io n ,  no fu r th e r  r o ta t io n  
was to  take p la c e .
To avoid  p o s s ib le  co m p lica tio n s  due to  l a t t i c e  r o ta t io n  
i t  was thought th a t  the ch o ice  o f a s e r ie s  o f  specim ens 
whose i n i t i a l  o r ie n ta t io n  o f  i t s  t e n s i l e  a x is  was th a t of
( 112) would be s u i t a b le .  I t  was hoped th a t  th e a n tic ip a te d  
v e lo c i t y  s e n s i t i v i t y  would become more enhanced by en su rin g  
th a t th e  o p era tin g  s l i p  system s would be co n sta n t from the  
beginning o f  deform ation  u n t i l  the occurance o f  f r a c tu r e .
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T his p recau tion  was found to  be n ecessa ry  s in c e  many 
r e fe r e n c e s  on deform ation mechanism s tr e s se d  th a t  s l i p  
system s do not behave according to  the sim ple g eom etrica l 
law s, secondary s l i p  was known to be e i th e r  suppressed or 
i t s  o n set was found e a r l ie r  than  p red ic ted  by sim ple 
g eo m etr ica l c o n s id e r a tio n s .
iUe
At t h i s  p o in t  i t  was d ecided  to  tr y  to  use^scanning  
e lec tro n -M icro sco p e , T his method o f  m icroscopy was found 
to  be extrem ely, e f f i c i e n t  fo r  the purpose in  hand. The 
g r e a te s t  advantage was th a t i t  requ ired  no r e p l ic a  pre­
p a ra tio n  as w ith  ordinary e le c tr o n -m ic r o sc o p e s . The second  
advantage, where i t  proved to  be th e  b e s t  t o o l  fo r  d e fo r ­
m ation s tu d ie s ,  was th a t i t s  depth  of fo cu s was approx­
im a te ly  50 tim es g re a ter  than ord inary e lec tro n -m icro sc o p es  
and a t  le a s t  an order o f magnitude g rea ter  than  co n v en tio n a l 
o p t ic a l  m icroscop es.
T h is o f  co u rse , made i t  p o s s ib le  to  use much h igh er
m a g n ifica tio n s  h ith e r to  used in  d ir e c t  s l i p  s tu d ie s  o f
aluminium s in g le  c r y s t a l s ,  w ith ou t in v o lv in g  r e p l ic a t io n
tech n iq u es . Photographs ( P i g .32) were ob ta in ed  from the
necked-down p o r tio n  o f  the e le c tr o -p o lis h e d  su rfa ce  of
55specim ens in  S e r ie s  M. Some workers s ta te  th a t no d e f in i t e  
co n c lu s io n s  cou ld  be drawn about changes in  s l i p  l in e  
frequency o f  specim ens examined a t a m a g n ifica tio n  o f about 
200 tim es and deformed a t v e l o c i t i e s  below and above the
Cambridge (j)  Copyright
Cambridge <f) Copyright
6600 X
F IG . 3 2 a .  SCANNING ELECTION MICROGRAPHS OF SERIES M SPECIMEN. 
STATIC TEST.
Cambridge <f) Copyright
Cambridge (J) Copyright
6600 X
F IG . 3 2 b .  SCANNING ELECTRON MICROGRAPHS OF SERIES M SPECIMEN. 
IMPACT VELOCITY: 2 0 0  i n / s e c .
Cambridge <f> Copyright
Cambridge ( k  Copyright •
6 6 0 0  X
F IG . 3 2 c .  SCANNING ELECTRON MICROGRAPHS OF SERIES M SPECIMEN. 
IMPACT VELOCITY: 7 5 0  i n / s e c .
✓Cambridge <j) Copyright
(£) IdO X
Cambridge (f) Copyright
£ > 6 0 0  X
F IG . 3 2 d .  SCANNING ELECTRON MICROGRAPHS OF SERIES M SPECIMEN. 
IMPACT VELOCITY: 1 3 0 0  i n / s e c .
✓
-  114 -
so c a l le d  c r i t i c a l  v e lo c i t y .  The photographs confirm ed  
th a t  the u su a l {ill}/^ L IO ^  s l i p  system  was op eratin g  
w ith in  th e  v e lo c i t y  range o f  the experim ents and th ey  
a ls o  showed th a t  in cr ea s in g  im pact v e lo c i t y  in crea sed  the  
s l i p  l in e  frequency a t th e  expense o f  th e  h e ig h t o f  the  
s l i p  s t e p s .  :
Measurements o f  s l ip  l in e  frequency showed th a t the  
average s l i p  l in e  spacing o f 3 .8  micron in  a s t a t i c a l l y  
deformed specim en, decreased  to  2 .9 ,  1 .8  and 1 .0  microns 
as th e  v e lo c i t y  in crea sed  from 200 to  730 and e v e n tu a lly  
to  1 ,300  i n . / s e c .  r e s p e c t iv e ly .
The v ir t u a l  d ecrease o f  h e ig h t o f  th e  s l i p  l in e s  was 
r e f le c t e d  in  th e  diagram o f  l in e a r  s tr a in  v er su s  impact 
v e lo c i t y  in  F ig .3 0 c  where th e  l in e a r  s tr a in  measurement 
showed l i t t l e  v a r ia t io n  w ith  in cr ea s in g  v e lo c i t y ,  w h ile  the  
s l i p  l in e  frequency in cr ea se d . A fea tu re  o f  s l i p  l in e  
form ation  a t h igh  v e lo c i t y  was th a t they  were not re so lv ed  
in to  s te p s  a t a m a g n ifica tio n  o f  24,000 t im e s , ( F ig .33)*
Cambridge <£> Copyright
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5 .4 .  E f f e c t s  o f  deform ation v e lo c i t y  on c r y s t a l  r o ta t io n .
An e x te n s iv e  l i t e r a tu r e  search  revea led  th a t  the  
te n s io n  tex tu r e  o f  s in g le  c r y s ta ls  o f  aluminium has r a r e ly  
been s tu d ie d . Most w o r k e r s ^ * w e r e  concerned w ith  th e  
d e s c r ip t io n  o f  the operating s l i p  system s, and on ly  one w o rk ^  
produced com parative r e s u l t s  o f  s l i p  a t  room tem perature and 
a t 0°C .
The d i f f i c u l t y  of examining c r y s ta l  r o ta t io n s  a t h igh  
s t r a in s  was caused by the r e la t iv e ly  h igh  l a t t i c e  d is t o r t io n  
which in  turn  smears out the sharp Laue sp o ts  o r ig in a l ly  
r e f le c t e d  by the u n d isto r ted  specim en. T h is accounts fo r  
the f a c t  th a t most c r y s ta l  r o ta t io n  s tu d ie s  were conducted* 
at a d is ta n c e  from the necked-down p o rtio n  o f  the fra ctu red  
specim ens. The curves o f  s t r a in  versus impact v e lo c i t y  in  
F i g s .30 and 31 showed th a t w h ile  the o v e r a ll  in crea se  or 
d ecrease o f e lo n g a tio n  w ith  changing v e lo c i t y  may be sm a ll, 
the v a r ia t io n  o f  s t r a in  in  the necked p o r tio n  was very c le a r ly  
v e lo c i t y  dependent.
O bservation o f  any v a r ia t io n s  in  c r y s ta l  r o ta t io n  was 
f i r s t l y  attem pted by b a c k -r e f le c t io n  laue tech n iq u e. I t  was 
found th a t th e  in te r p r e ta t io n  o f  the p a ttern s was very d i f ­
f i c u l t .
I t  was not p o s s ib le  to  a sc e r ta in  the large  c r y s ta l  
r o ta t io n s , s in ce  the low in te n s i ty  Laue spots-.d isappeared
■ -  x l7 ~
j , ■ j f ; . . . \
a lto g e th e r  from the p a ttern  and the more in te n se  sp o ts  were
spread out to  such an ex ten t th a t th e ir  maxima could  not be 
lo c a te d  w ith  any c e r ta in ty . This was foiind to  be tru e even  
fo r  very  h igh  s e n s i t i v i t y  P olaroid  5 ,000  ASA p la t e s .
A c e r ta in  s im ila r ity  was then recogn ised  between the  
problem o f  measuring p referred  o r ie n ta t io n  in  s tr a in e d  p o ly -  . 
c r y s t a l l in e  aggregates and l a t t i c e  r o ta t io n  in  s tra in ed  
s in g le  c r y s t a l s .
1 The advantage o f  u sin g  counter techn ique was thought to  
be the enormous in cr ea se  in  d e te c t io n  s e n s i t i v i t y .
For t h i s  type o f op eration  a Siemens te x tu r e  d i f ­
fra cto m eter  was found to  be em inently  s u it a b le .  The pro­
p o r t io n a l counter was s e t  to  r e c e iv e  copper l<o< r e f le c t e d  
r a d ia t io n  from th e ( in ?  fam ily  o f  l a t t i c e  p la n e s , and the  
te x tu r e  d iffra c to m e te r  was manually operated through a 
f l e x ib l e  s h a f t .  The specimen under in v e s t ig a t io n  was mounted 
on the specimen h o ld er and p o s it io n e d  a ccu r a te ly  so th a t  the  
im pinging X-ray beam o f  square c r o ss  s e c t io n  would f a l l  c lo s e  
to  the fr a c tu re  f a c e .  I t  was c a r e fu l ly  checked th a t  during  
movement o f  the specimen the same area would be illu m in a ted
by the incom ing beam. The a n a ly s is  was ca rr ied  out by the
70r e f l e c t io n  techn ique as f i r s t  proposed by Schulz . Schulz  
showed both exp erim en ta lly  and t h e o r e t ic a l ly  th a t no change 
in  the cou n tin g  ra te  w ith  a p o ly c r y s ta l l in e  specimen o f  
random o r ie n ta t io n  would occur fo r  up to  80° o f  ~azim uthal
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r o ta t io n , hence no absorption  c o r r e c t io n s  were n e c e s s a r y .. 
The com plete area o f  the {111} p o le  f ig u r e  was covered by 
r o ta t in g  the specim ens through 360° and a d ju stin g  the  
in c l in a t io n  angle from 0° to  90° in  7}/z s t e p s .  The un­
co rrec ted  in t e n s i t y  read ings o f fou r s e r ie s  o f  specim ens 
were p lo tte d  w ith  the a id  o f a p o la r  stereo g ra p h ic  n e t .
The { i l l }  Pole F ig u res thus ob ta ined  are shown in  Appendix 
A.
1 The advantages which t h i s  method o ffe red  were th e easy  
d e te c t io n  o f  any very  sm all in c lu s io n  g ra in  l e f t  behind a t  
the c r y s t a l  growth p ro cess  and which escaped d e te c t io n  a t  
the e tc h in g  s ta g e , and a ls o , w hile u n lik e ly  in  the case o f  
aluminium, i t  would show r e a d ily  any tw inn ing as the r e s u l t  
of very  rap id  deform ation . S ince the form ation  o f  kink  
bands a ls o  in v o lv e s  a co n sid era b le  l a t t i c e  r o ta t io n  and th ey  
are exp ected  to  occur in  t e n s i l e  deform ation o f s in g le  
c r y s ta ls  o f  aluminium, t h e ir  d e te c t io n  would be q u ite  sim ple  
by th e counter tech n iq u e . However, the c a r e fu l exam ination  
o f in t e n s i t y  v a r ia t io n s  o f  a l l  the s e le c te d  specim ens showed 
n e ith e r  the p resen ce o f tw inn ing nor the presen ce o f  kink  
bands, a t  le a s t  w ith in  the s e n s i t i v i t y  of the method u sed .
The a x ia l  r o ta t io n s  o f  specim ens, s im ila r  to  any 
o r ie n ta t io n  s tu d ie s ,  could have been determ ined by p lo t t in g  
two o f  the ( i l l }  p o le s .  However, by p lo t t in g  the com plete 
pole f ig u r e  the a x ia l  r o ta t io n s  were measured w ith  g rea ter  
accuracy.
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The c r y s t a l  r o ta t io n s  were th en  measured by drawing 
great c i r c l e s  through the in t e n s i t y  peaks and lo c a t in g  the  
n ea rest {110} and £l00} p o le s  to  th e t e n s i l e  a x es .
The measurement obtained from th e  pole f ig u r e s  of  
Appendix A are shown in  the u n it  stereograp h ic  t r ia n g le  o f  
F ig .34 . The in sp e c t io n  of th e se  diagrams confirm ed th a t  
s l i p  occured on the primary s l i p  p lane ana the t e n s i le  
a x is  ro ta ted  towards the a c t iv e  s l i p  d ir e c t io n . However, 
in  S e r ie s  A the t e n s i l e  a x is  of specimen A1 seemed to  p ass  
the (100 ) -  (111) symmetry l in e  and ca rr ied  on towards the  
a c t iv e  O-10> s l i p  d ir e c t io n . From t h i s  measurement i t  
appeared th a t  a t th e s tr a in  r a te s  of the co n v en tio n a l s t a t i c  
t e s t  in  t h i s  p a r t ic u la r  o r ie n ta t io n  the o p era tion  o f  th e  
secondary or conjugate s l i p  system  was suppressed . In a l l  
the o th er  s e le c te d  o r ie n ta t io n s , t h is  su pp ression  o f  the  
conjugate s l i p  system  was not experienced  s in ce  the amount 
of c r y s t a l  r o ta t io n  was not s u f f i c i e n t  to  r o ta te  th e  t e n s i l e  
a x is  over the symmetry p lan e . Comparison o f F ig .3 0 a  and F ig .  
31a, showed th a t  both  the lo c a l  s tr a in in g  and th e o v e r a ll  
s t r a in  in  the s t a t i c  t e s t  were below the v a lu es  obtained  fo r  
the h igh  v e lo c i t y  t e s t s , ,  w h ile  the angular r o ta t io n  in  F ig .  
34a showed a maximum fo r  th e  s t a t i c a l l y  deformed specim en.
T h is apparent co n tr a d ic t io n  should be confirm ed by 
rep ea tin g  the s t a t i c  experiment and re—m easuring the s t r a in  
and r o ta t io n  v a lu e s  o f  the fra ctu red  specimen*
—-I.C-V-' —
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FIG. 3 4 a  The V elocity Dependence o f  Axial Rotation  
of specimens in S eries A.
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B2
FIG. 3 4  b Velocity Dependence of Axial Rotation  
of Specimens in Series B.
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FIG. 3 4 c  The Velocity D ependence of Axial R otation  
of Specimens in Series E.
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FIG. 3 4  d The Velocity Dependence of Axial Rotation
of Specimens in Series F.
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A s im ila r  e f f e c t  was found in  S e r ie s  E specim ens. 
While the s t a t i c  t e s t  showed maximum r o ta t io n , the  
maximum o f o v e r a ll  e lo n g a tio n  occured a t an impact 
v e lo c i t y  of 480 i n . / s e c .
There were ho b e t te r  c o r r e la t io n s  between c r y s t a l  
r o ta t io n  and o v e r a ll  s t r a in  in  the case o f e i th e r  S e r ie s  
B or S e r ie s  F .
The exam ination o f  the diagrams o f  F ig .  34 which  
show th e v e lo c i t y  dependence o f  a x ia l  r o ta t io n , in d ic a te s  
th e  in c r e a s in g  amount o f r o ta t io n  w ith  in cr ea s in g  impact 
v e lo c i t y  fo r  specim ens o f  S e r ie s  B, S and F, w h ile  the  
specim ens o f  S e r ie s  A showed d ecrea sin g  a x ia l  r o ta t io n  
w ith  in cr ea s in g  impact v e lo c i t y .
The r e s u l t s  o f  the experim ents presen ted  in  S e c t io n  5 
are summarised in  Table 5 .1 .
SU
M
M
A
R
Y
'O
F 
E
X
P
E
R
IM
E
N
T
S
r-
VD
A
ph
orP
co
d0
o0
p.
CO
A
CM
rH
CO
H
PhPI
CO
/"■
*
o
o
A
H
H
CO
IA
o
A
O
O
A
H 3
7
.3 o
o
CM
*
O 1"- O ' ph O o o CM O oO • O • O • o . • vo • oIA vo O A ph A 00 A A o —d“ CMH IA A H A H CM H CM H CM
O IA O Ph O A O O oVO ' • O • vo • vo ■ * o •o -4 A ph O O A o ph r—.H IA H A A rH CM H CM co
-4" ■if- ph A ph oO • O • O • O • o • oIs- CM O A ph Is- vo r - vo A vo 0000 A ON r - A co CM co CM Is- -4" rH
Is- r - O O Ao • o • o • o  . • o . 'in IA A o O A o A CM o A
Is- A Is- A f"- r - CM r - A CM ph
o O o o o
•H •H •H •rl •H
-P VO -P VO o . -p r - •P vo -P .CM• O d • A d • d . • d . O
-P cr\ H -P r - • •p o •P A •P Is- Is-
CO CM CM CO CM H  . CO CM CO CM CO A CM
W CO co co co
0 0 0 0 0
0 0 0 0 0
d £o d B. d d d &o
o 0 o 0 o 0 o 0 o 0s •H . -P d CO pH : •H•P d s •H•P rd E •rH■P d cpPh •H-P d
H d d H d d H d d H d ■ S H d dbO •H bO •H b£» ■H bO •H bO •H
. rH 3  . rH d !>h d t>H d f>H d
EH o d EH o d EH o d EH o d Eh o d
H rH o H H o H rH o H rH o H 1—1 o
O 0 *H • O d •H o 0 •H O 0 •H O 0 ■H
O - -P o -P o •p O ■p O P>
PI 0 d P) 0 d PI 0 d iH 0 d PI ■ 0 d
§ bO •P
txO -P
§
fcuO •p bO -P bO -P
d  . o C, d o d o p> d o d o
-P d •p d  . •p d -P d ■P d
EH d . EH d Eh d Eh d EH d
O 0 i—1 O 0 H o 0 rH o 0 H  . O 0 . H
<1 o d <tj o d o d  . o d p |
o d
d •H d •H a! d •H d •H d •Hjgij 0 0 X ~§ 0 X pg 0 ti 0 X
Ph <! Ph Ph <J . Ph < Ph <
<j . PQ O Pi
CO
-P
CO
0
-p
0
dd
P>0
d
0
s'
0
-p
&
o
0
'Mco•H
d
0
P>
co
d
5•H£
d
0
d
da
CO
•p
d0
d0
&pq
A-
VD
a
4
co
A
(M
i—l
CO
W
a
w
CO
oo
A  
r~I
O
VOo
H
O
a -oo
o
a
a -
oo
CM
o
•H
-P
0
P
CO
o
CM
A
O
a -
rH
cr\
CTn
CM
CT\
CTn
CM i—I
00
00
CM
a -
H
A
O
VO :
CTn
a
<M
ON"N
0
O
•H
- P
0tiO
0
O
rH
(DCtO
0
P
0
CD
O
0
0
Ph
CQ
CD
CD
CD
.g
0
o
•H
P
cd
P
o
0
H
cd
•Ha
oo
a
H
H
CM
4
o
voo
H
vo
•
H4
oo
CM
CMtA
o
•H
P
cd
P
CO
o
CM
A
0O
•H
P
cdtuD
0
o
H
0
0
tcO0
P
00
o
0
0
Ph
C±>
ooN->
H
A
CO
A
o
voo
H
A
00
A
O
A-00
a -
co
A
o
a
A
d
oo
CM
IA
a
A
o
•H
P0
P
CO
A
0
o
•H
P
0
tiO
0
o
H
0
0
to
0
p
3
0
o
0
0
P h
M
*
O
o
A
H
o
4
oo
ArH
A
rH
LA
Ovoo
rH
H
H
LA
O
A
00
vo
LA
4
o
LA
A
A
4
o
o
CM
IA
AtA
O
P
0
P
CO
A
A
A
0
O
•H
P
0
W)
0
O
H
0
0h0
0
P0
0
O
00
Ph
0rd
5
0
O
•H
P
0
P
o0
rH
0
•H
oo
A
H
O
A
A
O
O
CM
O
•H
P
0
P
CO
vo
ON
CM
A
A
CM
A
A
CM
A
A
CM
0
O
•H
P
0
tcO
0
O
rH
0
PbO
0
P
00
O0
0
Ph
0r0
.9
0
o
•H
P0
P
o
0
H
0
•rH
3
-  127 -
i ■
6 . D iscu ssio n , o f  R e s u lt s .
S in ce  the purpose o f t h is  work was p r im a r ily  to  
develop  an experim ental technique fo r  fu r th e r  and more 
ex te n s iv e  study o f  the h igh  v e lo c i t y  deform ation  o f  
m e ta llic  s in g le  c r y s t a ls ,  the experim enta l r e s u lt s  
p resen ted  in  S e c t io n  5 are trea ted  as in ter im  r e s u lt s  
o f  a co n sid era b ly  w ider programme. The r e s u lt s  may be 
co n ce n ie n tly  d iscu sse d  under fou r  c l a s s i f i c a t i o n s ,  v iz :  
i )  S l ip  c h a r a c te r is t ic s  
i i )  C ry sta l r o ta t io n  
i i i )  C r i t ic a l  v e lo c i t y  
i v )  Fracture modes
There i s ,  however, one g en era l o b serv a tio n  th a t must 
be m entioned. At the ea r ly  s ta g e s  o f  th e  experim ents, 
th ree o r ie n ta t io n s  (S e r ie s  A, B and L) were chosen in  
which th e  d is t r ib u t io n  o f  lo c a l  l in e a r  s t r a in  has been  
measured. (See F ig . 31)* From th ese  few r e s u lt s  i t  
appeared th a t  th e  varying r a te s  o f  s t r a in  and ambient 
tem perature a f fe c te d  the specimens in  the necked p o r tio n  
q u ite  co n sid er a b ly , w hile over 4 mm. away from the fra c tu re  
face  they  seemed to  merge to  some average v a lu e . This f a c t ,  
and th e  experim ental r e s u lt s  o f  Pond and G la ss , th a t  th ere  
i s  no angular change in  c r y s ta l  r o ta t io n  away from the  
necked p o r t io n , in flu en ced  the ch o ice  o f measurements so
th a t  they were m ostly r e s t r ic te d  to  the v i c i n i t y  o f  the  
fra c tu re  fa c e , w e ll  in s id e  th e  necked p o r tio n  o f  the  
specim ens.
i )  S l ip  c h a r a c te r is t ic s .
The electron -m icrograph s o f  F ig .32 showed q u ite  
c le a r ly  th a t  the s l i p - l i n e  frequency in creased  w ith  
in c r e a s in g  deform ation v e lo c i t y  a t le a s t  in  th e  (112)  
o r ie n ta t io n . The other in te r e s t in g  fea tu re  of th ese  
m icrographs i s  th a t  those specimens deformed at low 
v e l o c i t i e s  ( s t a t i c  and 2 0 0 ip s) d isp layed  wavy s l i p  l in e s ,  
w hile th ose  deformed a t h igh  v e l o c i t i e s  (730 and l , 300ip s )  
d isp layed  q u ite  s tr a ig h t  and c lo s e ly  p a r a l le l  s l i p  l in e s .  
This o b serv a tio n  showed c lo s e  agreement w ith  p r e d ic tio n s  
o f w ell-know n d is lo c a t io n  co n cep ts .
, In fa ce -ce n tre d  cubic m eta ls , according to  d i s ­
lo c a t io n  th eo ry , th e  screw d is lo c a t io n  moves in  th e  { i l l }  
type p la n e s . I f  the c r y s ta l  i s  su ita b ly  o r ien ted  fo r
m u ltip le  s l i p ,  i t  can sw itch  from one { i l l }  type plane to
68another. Experim ental ev idence o f o th ers suggested  th a t  
the w avin ess o f  s l i p  l in e s  was the r e s u lt  o f the primary 
s l ip  p la n es being  l e s s  w e ll  d efin ed  and the screw d is ­
lo c a t io n s  were allow ed to  move f r e e ly  from one type o f  
{ i l l }  p lane to  another. However, i f  the v e lo c ity  o f  the
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moving d is lo c a t io n s  would a lso  be co n sid ered , an ex ­
p la n a tio n  may be o ffe re d  fo r  th e d iffe r e n c e  in  the  
appearance o f  th e  s l i p  l in e s .
The v e lo c i t y  o f the edge and screw components was 
measured in  lith iu m  f lu o r id e  by Johnston and Gilman6  ^ and 
they  found th a t a t low ap p lied  shear s t r e s s  v a lu e s , the  
edge and screw components moved at about eq u al v e l o c i t i e s ,  
w h ile  a t  in term ed ia te  shear s t r e s s  v a lu e s , th e  movement o f  
edge d is lo c a t io n s  was found to. be 30 tim es f a s t e r  than screw  
d is lo c a t io n s .  At h igh  v e l o c i t i e s ,  both components seemed 
to  reach  a common lim it in g  v e lo c i t y .
It. was th e r e fo r e  a reasonable assum ption th at-th e. d i s ­
lo c a t io n  loop s were moving f r e e ly  between th e { i l l }  type o f  
s l i p  p la n es a t the lower r a te s  o f s t r a in , cau sin g  w aviness  
o f s l i p  l in e s ,  w h ile  at; high impact v e l o c i t i e s  (h igh er s t r a in  
r a te s )  the movement o f  screw components was retarded  r e la t iv e  
to  th e edge component of the lo o p . In t h i s  manner, more o f  
the edge d is lo c a t io n s  escaped to the su rface w ithout n eces­
s a r i ly  sw itch in g  between the two favourably o r ien ted  { i l l }  
type g l id e  p la n e s .
The h y p o th esis  th a t the v e lo c i t y  of d is lo c a t io n  move­
ment would be d if f e r e n t  fo r  screw and edge d is lo c a t io n  in  
aluminium, may be fu r th er  proved by a s e r ie s  of experim ents 
in  which the upper speed l im it  would be co n sid era b ly  ex­
tended in  order to  show th a t the s tr a ig h tn e ss  of- s l i p  l in e s
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would grad u ally  g iv e  way to  a wavy appearance w ith  
in crea sin g  speed, as a n tic ip a te d  from the r e s u l t s  o f  
experim ents on lith iu m  f lu o r id e .
What remained to  he exp la ined  was the in cr ea se  in  
s lip  l in e  frequency w ith  in cr ea s in g  s tr a in  r a te s .  I t  has 
been a g en er a lly  accepted  view  th a t  s l i p  l in e s  and hands 
on the su rface o f  deformed c r y s ta ls  were in d ic a t iv e  o f  the  
d is lo c a tio n s  which have l e f t  th e  c r y s ta l  during deform ation . 
In te r e s tin g ly  enough, a cursory l i t e r a tu r e  search  o f  the  
most obvious sou rces o f  in form ation  on d is lo c a t io n  th e o r ie s  
fa iled  to  show any in d ic a t io n  on the p o ss ib le  in te r a c t io n  
between s l i p  l in e  or s l ip  band spacing and deform ation  
v e lo c ity . I t  was q u ite  c le a r  from the e le c tr o n  micrographs 
that th ere  was some kind o f in te r a c t io n . The v is u a l  in ­
spection  o f  th e se  photographs showed th a t w h ile  the s l i p  
line spacings d ecreased , t h e ir  h e ig h t appeared to  reduce w ith  
increasing  s t r a in  r a te s .  In term s o f  d is lo c a t io n  movements;, 
one might assume th a t  a la rg er  number o f  edge type d is ­
lo c a tio n s , which term inate on the s l i p  p la n e , were swept 
over a sh o rter  d is ta n c e  by the c o n se c u tiv e ly  f a s t e r  de­
formation r a te s .
I t  would be in te r e s t in g  to  photograph the development 
of s l ip  l in e s  through a m icroscope w ith  h igh  speed c in e ­
camera to  see w hether varying s tr a in  r a te s  would a f f e c t  the  
generation o f  th e se  l in e s .  According to  some m odern--theories,
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s l i p  band development occurs through se q u e n tia l a d d it io n
governed by some lo c a l  hardening mechanism. Perhaps in  
an elem entary way, i t  may be assumed th a t th e  in crea se  in  
deform ation v e lo c i t y  a c t iv a te s  more d is lo c a t io n  sou rces  
ly in g  in  the s l i p  p lane and the generated d is lo c a t io n  
would become en tangled  (d is lo c a t io n  f o r e s t s )  w ith  a sub­
sequent in crea se  in  lo c a l  hardness. For fu r th er  s l i p  to  
occur, new l in e s  would develop between the a lread y  e x i s t in g  
s l ip  l in e s  adding to  t h e ir  numbers. I f  one now assumes a 
constant ra te  o f work hardening, a con stan t number o f im­
m obilised  s l i p  l in e s  would d evelop  a t a con stan t tim e, in ­
dependent o f  the s t r a in  r a te . In t h is  case  the s t a t i c  
t e s t s  would show c lo s e r  banding o f  s l i p  l in e s  which i s  
quite th e op p o site  to  the experim enta l o b serv a tio n s . A 
p o ss ib le  ex p la n a tio n  may be th a t the ra te  of work hardening  
i s  s tro n g ly  s t r a in  ra te  dependent and i t  d ecreases w ith  
in creasin g  s t r a in  r a te s .
i i )  C ry sta l r o ta t io n .
The exp erim en ta l r e s u lt s  confirm ed q u ite  c le a r ly  the  
changes in  o r ie n ta t io n  p red ic ted  by the c l a s s i c a l  p ic tu r e  
of T aylor and Elam®^’ 66* During s in g le  s l i p  th e te n s io n  
axis r o ta te s  toward the a c t iv e  f_01lj d ir e c t io n  u n t i l  dvplex 
s l ip  occu rs, the te n s io n  a x is  then  r o ta te s  a lo n g -th e
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symmetry lin e  (0 0 1 )- (1 1 1 ) , towards the (1 1 2 ) term in a l 
o r ie n ta t io n .
I t  i s  w e ll  known th a t  in  a l lo y  c r y s t a ls  the r o ta t io n  
proceeds to  some ex ten t over the symmetiy l in e  before the  
conjugate s l i p  system , becomes o p e r a tiv e . An ex cep tio n  to  
t h is  g en era l ru le  seems to  be th e  specimens in  S e r ie s  A.
The s t a t i c a l l y  deformed specimen A l appeared to  "over-shoot"  
quite co n sid era b ly  and the t e n s i l e  a x is  o f  A1 appeared to  
fo llo w  a g rea t c i r c l e  con n ectin g  the a c t iv e  s l i p  d ir e c t io n  
and th e  i n i t i a l  o r ie n ta t io n  w ith in  experim ental er ro r . One 
may conclude th a t  fo r  some unknown reason the secondary s l i p  
has been suppressed or delayed very co n sid era b ly .
I t  i s  eq u a lly  in te r e s t in g  to look a t F ig .34d  in  which  
the term in a l o r ie n ta t io n  o f  S e r ie s  F i s  shown. The i n i t i a l  
o r ie n ta t io n  o f  the t e n s i l e  a x is  (marked Fo) i s  id e a l ly  
orien ted  fo r  double s l i p  to occur, v iz :  the B IV and C l
systems to  be a c tiv a te d  sim u ltan eou sly  r o ta t in g  th e  a x is  
towards the [112] d ir e c t io n . Somewhat s im ila r ly  to  the  
specimen A l, the on set of one o f th e s l i p  system s, in  t h i s  
case th e  B TV, i s  delayed and the. t e n s i l e  a x is  c le a r ly  
swings toward the a c t iv e  [ lio ]  d ir e c t io n . A c lo s e  ex­
am ination o f  the diagram with the help  o f a con sid erab ly  
enlarged W u Iff-n et, showed th a t the a x ia l  r o ta t io n  was 
compounded by two movements, a movement towards the a c t iv e  
s lip  d ir e c t io n  and another movement which seemed ,to- s h i f t  
the pole In a p a r a l l e l  d ir e c t io n  to  the (0 0 1 )/(1 1 1 )
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symmetry l in e .  The second movement may be due to  the 
b e la ted  op eration  o f the B IV system .
. The r e s u l t s  o f  measurements shown in. F i g .34-, in d ica ted  
th a t th ere  was a v e lo c it y  dependence of a x ia l  r o ta t io n s  
w ith in  each s e r ie s  o f  specimens but t h e ir  nature appeared  
to  be a lso  dependent on the o r ie n ta t io n  o f  the i n i t i a l  
t e n s i le  a x i s .
The p o s s ib le  r e la t io n s h ip  between the a b so lu te  angular  
r o ta t io n s  and the v e lo c i t y  a t which th ey  occur, was a lso  
examined.
In S e r ie s  A, the r o ta t io n  o f  t e n s i l e  axes c le a r ly  
d ecreases w ith  in c r e a s in g  v e lo c i t y ,  w h ile  in  S e r ie s  B, the  
r o ta t io n  measurements have a maximum o f about 62 f t . / s e c .  
v e lo c i t y .  The angular r o ta t io n s  in  S e r ie s  E , w hile  not so 
pronounced as in  the A s e r i e s ,  a lso  d ecrease w ith  in c r e a s in g  
v e lo c i t y .  In S e r ie s  F, however, the angular ro ta tio n s  
increased  w ith  in cr ea s in g  v e lo c i t y ,  a t  le a s t  w ith in  the  
experim ental range.
I t  i s  q u ite  c le a r  th a t more experim ents are needed 
between w ider v e lo c i t y  l im it s  and more o r ie n ta t io n s  to  
a sse ss  the accurate p a tter n  o f  t h is  behaviour. The c l a s s i c a l  
concepts o f  s in g le  c r y s ta l, deform ation assume th a t  l a t t i c e  
r o ta t io n  occurs during th e  operation  o f  the primary s l i p ,  
and i f  th e  an g les  between the t e n s i l e  a x is  and s l i p  d ir e c t io n  
before and a f t e r  deform ation are X© and X, r e s p e c t iv e ly ,  the
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e lo n g a tio n  can be expressed  as:
sin X o  _ I 
s in A, 1
The above eq u ation  shows th a t  an in c r e a s in g  c r y s t a l  
r o ta t io n  cau ses a corresponding in crea se  in  e lo n g a tio n  and 
v ic e  v e r sa . The diagrams o f F i g .30 show a d if f e r e n t  
p a ttern  o f  behaviour. The most conspicuous i s  S e r ie s  A, 
where a c le a r ly  in crea s in g  e lo n g a tio n  corresponds to  a 
reducing la t t i c e  r o ta t io n . However, i f  one looks a t the  
e lo n g a tio n  and angular r o ta t io n s  obtained by standard  
s t a t i c  t e s t in g ,  the correspondence to  th e  p r e d ic t io n s  o f  
the c l a s s i c a l  theory  are a t once ob vious. I t  i s  th e re fo re  
assumed th a t  th ere  i s  sen anomaly p resen t due to  the  
in creasin g  s t r a in  r a te .
i i i )  C r i t i c a l  v e lo c i t y .
The d if fe r e n c e  i i l  behaviour o f m etals under s t a t i c  and 
impact lo a d in g  co n d itio n s  war- recogn ised  as ea r ly  as 180? 
by Thomas Young, who p o stu la ted  th a t  the e l a s t i c  s t r a in  
which propagates in  a bar, was p ro p o rtio n a l to  the v e lo c i t y  
of im pact. L ater, T. von Harman proposed th a t  the v e lo c i t y  
of propagation  o f a p a r t ic u la r  s t r a in  i s  g iven  by the  
equation:
V £ = \J( c isy  dc)/  §  _
where dff/d£ i s  the slo p e  o f the en g in eerin g  s t r e s s  s tr a in
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diagram a t the va lu e  o f s tr a in -£  and §  i s  the mass.
I t  was a lso  proposed th a t the impact v e lo c i t y  V Q 
which w i l l  produce a p la s t ic  s t r a in  could be expressed  
as:
\ / a =■ j V jt
o '
Prom t h i s  eq u ation  i t  can be seen  th a t the p la s t ic  
s tra in  £  in c r e a se s  w ith  an in crea se  in  V. The slo p e  56Vd£. 
of an en g in eer in g  t e n s i le  s t r e s s - s t r a in  curve becomes zero  
at a p o in t where the s t r e s s  & reach es i t s  u ltim a te  va lu e;  
therefore i f  the impact speed V reaches a s p e c i f i c  value  
which produces a s t r a in  corresponding to  th e  u ltim a te  
t e n s i le  s t r e s s ,  th e  area under th e  curve becomes zero , which  
corresponds to  fr a c tu r e  a t the in s ta n t  o f  impact w ithout 
absorption o f  energy in  the specim en. Agreement w ith  t h i s  
theory was reported  by a number o f  workers fo r  p o ly c r y s ta l­
line specim ens w h ile  d isagreem ents were found in  the case  
of s in g le  c r y s t a l  experim ents.
I t  i s  f e l t  th a t  experim ental correspondence between  
measured and c a lc u la te d  c r i t i c a l  v e l o c i t i e s  may be fo r ­
tu itou s fo r  the very  fundamental assumption o f  the von 
Earman theory  may be in  co n sid era b le  e r ro r . In t h is  th e o r y , 
i t  i s  assumed th a t  th ere  i s  a maximum va lu e in  th e  engin­
eering s t r e s s - s t r a in  curve where dcf/dc  eq u als to  zero . I t
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i s ,  however, w e l l  known th a t the en g in eer in g  s t r e s s  as 
such, i s  t o t a l l y  f i c t i t i o u s  s in ce  i t  i s  c a lc u la te d  fo r  an 
area which e x i s t s  when no load i s  ap p lied  on i t .  The r e a l  
behaviour o f m etals which are b e s t  describ ed  w ith  th e  aid  
of the tru e s t r e s s - s t r a in  curve, w i l l  not show such s in g le  
value maximum on which the con cept o f the c r i t i c a l  v e lo c i t y  
i s  based .
I t  i s  s ta te d  in  the c l a s s i c a l  theory  of von Karman 
that the theory  i s  a lso  in a p p lic a b le  under c o n d itio n s  in  
which a t e n s i l e  in s t a b i l i t y  i s  p r e sen t. T his t e n s i le  in ­
s t a b i l i t y  i s  commonly known as the t e n s i l e  neck form ation .
The work o f  Pond and G lass questioned  th e  v a l id i t y  o f  
the von Karman theory; the b a s ic  disagreem ent being th a t  
the s t r e s s - s t r a in  r e la t io n s  in  the o r ig in a l  theory were con­
sidered independent of s tr a in  r a te ,  to  which the contrary  
seemed to  be the case fo r  s in g le  c r y s ta ls  o f  aluminium.
However, from the experim ents o f  Pond and G la ss , and 
from th o se  presen ted  in  S e c t io n  5» the e x is te n c e  o f a 
c r i t i c a l  v e lo c i t y  may be deduced.
To p o s tu la te  a theory fo r  the behaviour o f t h i s  
c r i t i c a l  v e lo c i t y  w i l l  not be attem pted h ere . I t  i s  thought 
however, th a t t h i s  c r i t i c a l  v e lo c ity  o r ie n ta t io n  dependent.
The o r ie n ta t io n  o f S e r ie s  K, D, K and G i s  such th a t  
they l i e  near th e (110) -  (001) symmetry lin e  in  the u n it  
stereographic t r ia n g le  (See P i g .15) the measured
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c r i t i c a l  v e l o c i t i e s  were 45, 35, 50 and 90 f t . / s e c .  
r e s p e c t iv e ly .  The o r ie n ta t io n  A o f  Pond and G lass  
which l i e s  near to the [ooij d ir e c t io n , confirm ed a 
c r i t i c a l  v e lo c i t y  of 90 f t . / s e c .  in  th a t r e g io n .
I t  appears from these few r e s u l t s  th a t the c r i t i c a l  
v e lo c it y  in c r e a se s  w ith  th e  in c r e a s in g  number o f  th e  
a v a ila b le  s l i p  system s. This seems a reason ab le fea tu re  
of the c r i t i c a l  v e lo c i t y  fo r  the energy d is tr ib u t io n  in  
s in g le  c r y s ta ls  i s  e n t ir e ly  dependent on the s l i p  system s 
op erative  during deform ation .
In the case o f o r ie n ta t io n s  near to  the [ l i o j  
d ir e c t io n s , s l i p  can occur in  2 p lan es and in  2 d ir e c t io n s  
in  each p la n e , w h ile  in  the [100] d ir e c t io n , 4 p lan es and 
2 d ir e c t io n s  in  each , are favourably o r ie n te d . From th e se  
c o n s id e r a tio n s , i t  seems th a t  th e  g rea ter  the number o f  
s l ip  system s a v a i la b le ,  the c r i t i c a l  v e lo c i t y  under which  
maximum s tr a in  o ccu rs , i s  correspondingly  h igher.
iv )  F racture modes.
The appearance o f  the fra c tu re  mode, on a m acroscopic  
s c a le , a lso  p ro v id es some in form ation  about the changes in  
behaviour of aluminium s in g le  c r y s ta ls  w ith  in crea s in g  
s tr a in  r a t e s .  The w e ll  known d u c t i le  fra c tu r e  mode o f the  
cup and cone shape was p red ic ted  by the p la s t i c  theory fo r
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s in g le  c r y s ta ls  of a l lo y s ,  w h ile  the s o - c a l le d  double 
cup and cone were found more appropriate in  pure m etal 
c r y s t a ls .  A th ir d  type of fra c tu re  known as th e  p lanar  
fra c tu re  was o fte n  a sso c ia ted  w ith  pure m etals fra ctu red  
at low tem peratures.
In the experim ent conducted h ere , a l l  th ree  forms o f  
fra ctu re  mode were p resen t. In S e r ie s  A, f o r  in s ta n c e ,  
the specimen A1 fra ctu red  in  s t a t i c  t e s t ,a n d  showed c le a r  
double cup and cone c h a r a c te r is t ic s .  The specim ens 
fractu red  at in cr e a s in g  impact v e l o c i t i e s  showed a tra n ­
s i t io n  to  the s in g le  cup and cone, and a t the maximum impact 
v e lo c ity  w hile  neck ing  was s t i l l  p resen t, the fra c tu re  fa ce  
appeared to  be p la n a r . In specim en A6, the a p p lic a t io n  of 
liq u id  n itro g en  to  c o o l the specim en, has n o t changed the  
fractu re  mode but the planar nature o f the fra c tu re  lin e  
became more enhanced. In other o r ie n ta t io n s , S e r ie s  D, fo r  
in sta n ce , the cup and cone fr a c tu re  of the s t a t i c  t e s t  
changed to  p lanar fra c tu re  w ith  marked red u ctio n  in  neck ing . 
In S e r ie s  E, however, the p lanar fra ctu re  of specimen E l and 
S2 changed in to  an approxim ately cup and cone shape in  
specimen E4, w h ile  accompanied by an in crea se  in  n eck in g .
The tem perature e f f e c t s  were tr ie d  in  S e r ie s  B, the  
specimens B2 and 3 , and a lso  B4 and 5 , being fractu red  .at 750 
and 1 ,300  i n . / s e c .  r e s p e c t iv e ly , in  such a way th a t B3 and B5 
were immersed in  a . l iq u id  n itr o g e n  bath during deform ation .
The fr a c tu r e  mode o f  specimens showed no change w ith  the  
redu ction  in  the  t e s t  tem perature. The temperature 
e f f e c t s  may he found more enhanced i n  specimens which 
would fr a c tu r e  in  a double cup and cone a t  room tem- 
p eratu re .
M icro-exam ination o f  the necked p o rtio n  o f  aluminium 
and copper s in g le  c r y s t a ls  by Beevers and Honeycombe, ^  
has revea led  th a t  a narrow zone of heavy s l ip - te & d  occurs  
on e i th e r  s l i p  s y s t e m /f u r t h e r  l o c a l i s i n g  th e  deform ation  
u n t i l  i t  i s  apparently  occuring on one macroscopic p la n e .
In pure aluminium, f a i lu r e  at room temperature was found  
to occur almost com pletely  by s l i p  w ithout the  form ation  
of the  s o - c a l l e d  d u c t i l e  crack s .
In the experim ents presented  h e r e , the s t a t i c  t e s t s ,  
with the ex cep tion  of specimens E l and G1 were in  agreement 
with Beevers and Honeycombe, w h ile  th e  fr a c tu re  o f  impact 
specimens showed con sid erab le  d e v ia t io n s .
The e le c t r o n  micrograph shown in  F i g . 35 was obtained  
of specimen M2 by a scanning e le c tr o n  m icroscope. The 
formation o f  d u c t i l e  cracks are quite c le a r  in  the micro­
graphs. S im ila r  crack  form ations were found iri other  
specimens.
Cambridge (j) Copyright
F I G .35* ELECIRON-MICROGRAPH OF FRACTURE SURFACE 
OF SPECIMEN M2.
MAGNIFICATION: 1 0 0  TIMES.
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7. C on clu sion s.
From the r e s u l t s  obtained in  th e se  experim ents, the  
con clu s ion s  t o  be drawn are tw o -fo ld .  F i r s t l y  i t  may be 
concluded th a t  the experim ental methods employed were to  
be s u i ta b le  to  provide the b ases  of  fu r th er  and more ex­
te n s iv e  experim entation . I t  w i l l  be necessary  however, 
to  in crea se  the v e l o c i t y  l im it  o f  th e  t e n s i l e  apparatus 
by u s in g  more en er g et ic  e x p lo s iv e  charges, and a ls o  to  
incorporate some e le c t r o n ic  d ev ice  coupled to  a storage  
o s c i l lo s c o p e  to  record the load-d isp lacem ent curves fo r  
each specimen a t  a l l  v e l o c i t i e s .  This w i l l  provide the  
inform ation needed to  e s t a b l i s h  the connection  between the  
observed c r i t i c a l  v e l o c i t i e s  and th ose  as p red ic ted  by von  
Karman.
In order t o  record changes i n  s t r a in  d i s t r ib u t io n ,  
s l ip  l in e  frequency and l a t t i c e  r o ta t io n s ,  th e  specimens 
should be shaped by e le c tr o n  beam or by e3e c tr o —chem ical 
machining and fo llow ed  by e l e c t r o  l i t  i c  p o l i s h in g .  On one 
side o f  the specimen a grid  system should be d ep o s ited  to  
f a c i l i t a t e  a n a ly s i s  o f  s t r a in  d i s t r ib u t io n .
The second s e t  o f  co n c lu s io n s  which are the d ir e c t  
r e s u lt s  o f  the  experiments o f  S ection  5* may be summarised 
as:
-  1 4 1  -
1) .The measurements o f  s t r a in  d i s t r ib u t io n  w ith in  
the specimens and that of the o v e r a l l  s t r a in ,  show 
th a t  v e l o c i t y  e f f e c t s  are more pronounced In the  
v i c i n i t y  o f  the fra ctu re  f a c e .  Over 4mm. away from 
th e  fra c tu re  fa c e ,  s t r a in s  are v i r t u a l ly  independent 
o f  the impact v e lo c i t y  or the ambient temperature -and 
depend on c r y s t a l  o r ie n ta t io n  on ly .
2) The s l i p  system o f  ( i l l )  /<110^ o f  the fa c e  centred  
cubic m etals are preserved w ith in  the  experim ental
■ . {©v* .
v e l o c i t y  range w ith  a tendency f e a t  the s l i p  l in e  
spacings^decrease w ith in c r e a s in g  impact v e l o c i t y .
This phenomenon, may be a ttr ib u ted  to decrease in  the 
ra te  o f  work hardening w ith  in crea s in g  v e l o c i t y  of  
deform ation . .
3) I t  i s  g e n e r a lly  known that the l a t t i c e  r o ta t io n  in- 
t e n s i l e  deform ation i s  such that i t  b r in gs the t e n s i l e  
a x is  towards th e  a c t iv e  s l i p  d ir e c t io n .  From geo­
m e tr ic a l  co n s id er a t io n s ,  th e  l a t t i c e  r o ta t io n  i s  
p ro p o rtio n a l to  the amount o f  s tr a in  p r e se n t ,  to which  
an agreement was found in  the s t a t i c  t e s t s ,  but con­
s id er a b le  d e v ia t io n s  were experienced in  the impact 
t e s t e d  specim ens. There i s  an anomaly present in  th ese  
specimens due to  the in c r e a s in g  s t r a in  r a t e .
-  1 4 2  -
4) Tlhere e x i s t s  a. c r i t i c a l  v e l o c i t y  in  s in g le  c r y s t a l s
o f  aluminium at which o v e r a l l  e lo n g a t io n  appeared to
be a t  a maximum. The c r i t i c a l  v e l o c i t y  was found to
be o r ie n ta t io n  s e n s i t iv e  showing an in c r e a s in g  tendency  
along the (110) -  (001) symmetry l i n e ,  towards the  (001)  
p o le .  The mechanism o f  t h i s  c r i t i c a l  v e l o c i t y  i s  not  
known.
5) The fr a c tu re  mode appears to  be both o r ie n ta t io n  and 
v e l o c i t y  dependent, however, no d e f in i t e  co n c lu s io n s  
could be drawn a t  t h i s  s ta g e .  I t  was a lso  n o tic ed  th a t  
at h igher r a te s  o f  s t r a in ,  d u c t i l e  cracks formed on the  
fr a c tu r e  fa ce  o f  aluminium s in g le  c r y s t a l s .
-  143  -
appendix;, a .
The fo l lo w in g  £ 111} typo pole f ig u r e s  were obtained  
by the method g e n e r a lly  describ ed  in  s e c t io n  5•4* To 
minimise error  due to the f i n i t e  s i z e  o f  the area i l ­
luminated on the specimens by the X -rays, t h i s  area was 
r e s t r ic te d  to  about 1 so.mm.
The d e tec to r  s l i t 'w a s  consequently  opened to  r e c e iv e  
a 2 mm. by 2 mm. r e f le c t e d  beam.
P ulse  h e igh t d iscr im in a t io n  was u t i l i s e d  to ob ta in  
maximum signal-to-background  r a t i o s .  The in t e n s i t y  was 
measured as im pulses per minute averaged out over a s e t  
time to g ive  s t a t i s t i c a l  errors l e s s  than 5%* The p o le  
f ig u res  were p lo t t e d  from manually recorded in t e n s i t y  
data.
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